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Fire Sculptures Using FireRope 


K. L. and B. J. Kosanke 


Fire sculptures are not a true pyrotechnic ef- 
fect, being produced simply by the burning of a 
liquid fuel in air. Nonetheless their use can con- 
tribute rather nicely to firework displays that 
include ground effects. Fire sculptures form con- 
tinuous images in yellow fire that burn for 10 
minutes or more. This is in contrast to lance 
work images, created using a series of points of 
variously colored fire that burn for about a min- 
ute.'"! As with lance work, it is probably more 
common for fire sculptures to form images of 
objects, ships or buildings, than lettering such as 
in the (self-serving) example below. 


Fire sculptures, while relatively common in 
England”! and Australia, are virtually unknown 
in the U.S. Presumably this reflects more of a 
difference in heritage rather than taste. However, 
perhaps another reason is the general unavail- 
ability of effective materials with which to as- 
semble fire sculptures. One convenient material 
is called FireRope, a product that makes fire 
sculptures quite easy to produce. (Advanced Py- 
rotechnics, the Australian manufacturer of Fire- 
Rope, is apparently seeking to export FireRope 
to the U.S.2)) 


FireRope is available in 50-meter (160-foot) 
coils, is approximately one inch in diameter, and 


is made mostly of compressed absorbent paper. 
It holds its shape because of a central wire for 
stiffening, and it has an external wrap of strong 
thread to hold it together. In addition to its nor- 
mal configuration, it is also available with an 
outer sleeve of thin plastic. This provides a sig- 
nificant degree of weather protection while also 
acting to retard loss of liquid fuel by evaporation 
during the time prior to its firing. 


The thin plastic sleeve proved quite effective 
for the example shown in Figure 1. The fire sculp- 
ture was erected on a sunny and pleasant No- 
vember afternoon. However, because of the un- 
predictability of late fall weather in western 
Colorado, it was constructed using the plastic 
sleeved FireRope. This proved to be a good 
thing, because before it could be fueled and ig- 
nited that same evening, a heavy wet snow started 
to fall. After two days, the weather cleared and 
the now solidly frozen snow could simply be 
broken off leaving the fire sculpture in perfect 
condition. 


Fire sculptures are made by simply forming 
the FireRope into the shape of the image to be 
created (in this case, forming the letters for 
“JPyro”, the abbreviation of the Journal of Pyro- 
technics) and attaching them to a fire resistant 


Pyre 


Figure 1. An example of a fire sculpture using FireRope. 
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frame. This is conveniently accomplished using 
the same twist ties often used to close plastic 
bags. Prior to igniting, the FireRope is thor- 
oughly soaked with fuel, typically diesel fuel or 
kerosene. For the 1-’2 by 4-foot “JPyro” exam- 
ple, the 1-’4 quarts of fuel was quickly loaded 
into the plastic sleeving of the FireRope from 
used (empty) mustard dispensers. In cases where 
the non-sleeved FireRope is used the fuel can be 
applied directly to the FireRope, using a suitably 
sized dispenser. 


Using diesel fuel or kerosene obviously pro- 
duces an opaque yellow flame. However, one 
experiment was conducted using methanol ap- 
plied to non-sleeved FireRope, to determine 
whether a mostly colorless (transparent light blue) 
flame would be produced. During the early pe- 
riod of the burning, the flame was sufficiently 
colorless to suggest that a suitable colorant could 
be added to produce a non-yellow colored 
flame."! However, the duration of the flame ef- 
fect was only about 5 minutes and, when the 
methanol was mostly consumed, the flame gradu- 
ally turned increasingly yellow. 


The authors gratefully acknowledge Jack 
Moeller, of Advanced Pyrotechnics, for provid- 
ing free samples of FireRope. Thanks also to G. 
Barchenger for supplying the frame (metal 
mesh) used in these tests. Finally, the authors 
wish to acknowledge John Bennett, publisher of 
Fireworks, for providing the references to fire 
sculptures produced in the UK. 
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Electric Matches: Physical Parameters 


K. L. and B. J. Kosanke 


Introduction 


A major study of electric match sensitiveness 
was recently completed.'"! This article continues 
that work and presents a compilation of the 
physical parameters (as measured and/or pro- 
vided by the suppliers) for the same collection of 
10 electric match types as in the previous article. 


Nominal Tip and Shroud Size 


For each electric match type, five matches 
were selected at random, and their dimensions 
(maximum thickness, width, and length) were 
measured using a caliper. However, because of 
the limited number of matches measured and 
because of the variability in the size of the elec- 
tric match tips, the averages of these values are 


only reported to the nearest 0.01 inch in Table 1. 
For those electric match types provided or avail- 
able with shrouds, the measured diameter and 
length of those shrouds are also reported. 


The size of the electric match tips fall 
roughly into three groups. The largest tips are 
the Aero Pyro, all three Daveyfires, the Luna 
Tech OXRAL, and the Martinez Specialty E- 
Max and Titan electric matches. Slightly smaller 
are the Luna Tech BGZD and Flash electric 
matches. Smaller still are the Martinez Specialty 
E-Max Mini electric matches. While the lengths 
of the shrouds (where provided by the supplier) 
varied, all but one had a diameter of approxi- 
mately 1/4 inch. A smaller shroud, a little less 
than 3/16 inch is available for the Martinez Spe- 
cialty E-Max Mini electric matches. 


Table 1. Average Electric Match and Shroud Dimensions. 


Shroud Dimensions (in.) 


Supplier Product Tip Dimensions (in.)* 
Name Designation Thick. Width Length 


Diameter Length 


Aero Pyro ff te 10.50 nlp __f}__nlp_ 


Daveyfire 


Luna Tech 


Martinez Spe- 
cialties 


“n/p” means the electric match was “not provided” with a shroud from the supplier. 


(a) Electric match tip size is the average of measurements made on 5 tips and is reported to the nearest 0.01 inch. 

(b) This shroud is a short length of soft rubber (plastic) tubing. The stated diameter (0.22 inch) is that of the tub- 
ing before the electric match is inserted. Upon insertion of the electric match, the tubing takes a somewhat 
oval shape with the minor and major diameters of 0.22 and 0.26 inch, respectively. 

(c) This shroud is a short length of soft rubber (plastic) tubing. The stated diameter (0.16 inch) is that of the tub- 
ing before the electric match is inserted. Upon insertion of the electric match, the tubing takes a somewhat 
oval shape with the minor and major diameters of 0.16 and 0.17 inch, respectively. 
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Composition Mass and 
Bridgewire Configuration 


The mass of composition, including the pro- 
tective coating, was determined for the electric 
match types. This was accomplished by select- 
ing a single, typical match tip, weighing it, soak- 
ing the match tip in acetone and agitating until 
all of the composition was removed, and then 
reweighing the match tip after drying. The com- 
position mass results are listed in Table 2. Be- 
cause only a single electric match tip of each type 
was examined, it was felt to be appropriate to 
report the results to only one significant figure. 


Table 2. Electric Match Composition Mass 
and Tip Design. 


Supplier Product 
Name Designation 


nye fan28 8-00 Se 


puceveds [Pan OH seh) 


Martinez Sp. 


For conversion to English units, | grain equals 65 mg. 

(a) Composition mass was determined for only one 
electric match tip and is reported to only one 
significant figure. 


(b) Tip types 1, 2 and 3 are illustrated in Figure 1. 


Three basic bridgewire configurations were 
found for the electric match tips. The numbers 
indicating the three configurations are designated 
in Table 2 and correspond to the numbers in the 
three illustrations in Figure 1. Figure 2 is a series 
of electron micrographs of the three bridgewire 
types. In Types | and 2, the bridgewire is soldered 
to the copper cladding. In Type 2, a small por- 
tion of the end of the electric match tip has been 
removed by milling, prior to the addition of the 
bridgewire. In Type 3, the bridgewire is held 
(crimped) under a fold of two brass support posts. 


ae Bridgewire 
Insulating 
Substrate 


Copper 
Cladding 


Type 1 Type 2 


Bridgewire 


Type 3 


Figure 1. Illustrations of the basic bridgewire 
configurations of three styles of electric matches 
(not to scale). Types 1 and 2 are side views 
shown in cross section, type 3 is shown in both 
a frontal and a side view. 


While the amount of composition on electric 
match tips is potentially related to its ability to 
produce ignitions, often it is not a good indica- 
tor. This is because there can be large differ- 
ences in the density and effectiveness of the 
various compositions. Further, it is thought that 
the configuration of the electric matches (Types 
1, 2, or 3) has little if any bearing on their per- 
formance. Information on the electric match’s 
ability to produce ignitions will be presented in a 
subsequent article. 


Electrical Parameters 


Resistance measurements were made on a 
collection of 10 match tips, each with 5-inch leg 
wires attached tightly to the measuring instru- 
ment. The instrument used produced results to 
0.1 ohm, was nulled for 0.0 ohm and produced a 
correct reading for a 1.00-ohm NBS calibrated 
resistance. The results of these resistance meas- 
urements are reported in Table 3. The suppliers 
were asked for information about the no-fire, all- 
fire, and recommended firing currents for their 
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electric matches. Where provided, these data are 
also presented in Table 3, along with notes giv- 
ing additional or qualifying information. 


Most often, electric match tip resistance is of 
little concern; however, an exception is when 
many matches are to be fired in a series circuit. 
In that case, for electric matches requiring ap- 
proximately the same firing current, the higher 
the individual match resistance, the fewer 
matches that can be reliably fired with a given 
firing unit (firing voltage). The lowest electric 
match resistances (0.9 to 1.2 ohms) were found 
for the Aero Pyro, Luna Tech Flash, and Marti- 
nez Specialty E-Max Mini matches. The next 
higher resistances (1.6 to 1.7 ohms) were found 
for all three of the Daveyfire and the Luna Tech 
BGZD and OXRAL matches. The highest resis- 
tances (2.5 to 2.7 ohms) were found for the Mar- 
tinez Specialty E-Max and Titan matches, which 
are the two types of electric match tips that were 
milled (Type 2). 


In a subsequent article, one discussing the 
performance of the various electric matches, 
more information will be presented on their fir- 
ing characteristics. Nonetheless, it is worth men- 
tioning that the suppliers’ recommended firing 
currents fall into two groups. One group (firing 
currents of 0.5 to 1.0 ampere) includes most of 
the matches; the other group (firing currents of 
2.0 to 3.5 amperes) consists of the Daveyfire 
A/N 28 F, the Luna Tech Flash and the Martinez 
Specialty Titan matches. Note that in the previ- 
ous article,'"! these were the three electric match 
types that tended to be significantly less sensi- 
tive to ignition by impact, friction and electro- 
static discharge. This serves to illustrate that it is 
generally true that pyrotechnic materials that are 
less sensitive to accidental ignition also tend to 
be less easy to ignite intentionally. 


Acknowledgments 


The authors gratefully acknowledge that the 
four electric match suppliers provided samples 
of their products, at no cost, for testing. Further 
the American Pyrotechnic Association provided 
a grant to help cover some of the costs of this 
study. Finally the authors appreciate the techni- 
cal comments provided by L. Weinman and M. 
Williams on an earlier draft of this article. Note 
that while many of the company and product 


Electron micrographs of the three electric match 
bridgewire types: Top, Type 1; Middle, Type 2; 
Lower, Type 3. 
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Table 3. Electric Match Electrical Parameters. 


Supplier Product Resistance (ohms)* Current (ampere) >) 


Name Designation | Average Range No-Fire | All-Fire 
: 


Martinez Sp. 0.9 | __...0.309 | 0. 0.75 / 1.0" 
1.0/2.0" 


“n/p” means data was “not provided” by the supplier. 


(a) 
(b) 
(c) 
(d) 
(e) 


Tip plus 5-inch leg wire resistance for a collection of 10 electric matches. 

These values were not determined in this study; they were provided by the suppliers of the electric matches. 
“Recom.” means firing currents recommended by the electric match supplier. 

Due to the untimely death of the owner of Aero Pyro, these values were not provided. 
This is the 10-second maximum no-fire current. 

This is the 40-millisecond minimum all-fire current. 

This is the recommended series firing current. 

This is the 50-millisecond specified minimum firing current. 

These are the “rated” and “series” firing currents. 

This is the 30-second maximum no-fire current. 

This is the 1/2-second minimum all-fire current. 


These are the recommended “minimum” and “normal!” firing currents. 


names are apparently registered trademarks, they 
have not been specifically identified as such in 
this article. 
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Electric Matches: Ramp Firing Current 


K. L. and B. J. Kosanke 


Introduction 


A major study of electric match sensitiveness 
was recently completed.'! This article presents 
the results of a test to reveal aspects of the firing 
characteristics for the same collection of 10 elec- 
tric match types as in the previous articles. 


Ramp Firing Current Test 


The ramp firing current test was selected be- 
cause it was thought to be able to reveal much 
about an electric match’s performance in a rela- 
tively small number of trials (typically about 25 
match firings). In these tests, electric matches 
are subjected to a rapidly increasing electric cur- 
rent while being monitored to detect the moment 
the match ignites (as evidenced by the produc- 
tion of light). The setup for these tests is shown 
in Figure 1. The ramp current power supply pro- 
vides the firing current; however, that current 
starts at zero and increases progressively. Fur- 
ther, the rate of increase is adjustable (i.e., the 
current can be set to rise relatively slowly, rise 
rapidly, or anywhere between). The current is 
monitored as a voltage drop across an NBS cali- 
brated resistor, using one channel (A) of a digital 
oscilloscope. The electric match under test is 
located inside a light-tight enclosure along with 


Ramp Current 
Power Supply Channel A 


Channel B 


Electric Match 


Enclosure 


Figure 1. The configuration of equipment used 
to make the ramp current measurements. 


a photo detector. When the match fires, the light 
produced is sensed by the photo detector and, 
after conditioning, the signal is directed to the 
second oscilloscope channel (B). 


Figure 2 presents data typical of that pro- 
duced during the ramp firing current test of a 
single electric match. The electric match firing 
current starts to increase from zero at time fy. At 
time ¢; (18.9 ms) the photo detector firsts senses 
light from the firing electric match. (The photo 
detector is adjusted to be extremely sensitive to 
light, such that it rapidly saturates and holds a 
constant value as the electric match burns. Also, 
to make the two traces in Figure 2 easier to see, the 
trace of the photo detector was shifted downward 
slightly.) At the time of first light output, the 
firing current J; has risen to 418 mA. The firing 
current continues to rise reaching approximately 
650 mA at time ft, (29.9 ms), when the bridge- 
wire fuses (melts) to open the circuit, thus drop- 
ping the electric current back to zero. (In Fig- 
ure 2, the minor fluctuations seen in the oscillo- 
scope traces are background noise mostly pick- 
up from a nearby commercial radio transmission 
tower.) 


Photo 
Detector 
Output ——» 


Electric Current (mA) 


Time (ms) 


Figure 2. Typical ramp firing current test data 
froma firing electric match (Daveyfire A/N 28 B), 
showing both firing current and photo detector 
output. 
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In Figure 2, the time of electric match firing 
is equated with the first light produced by the 
match. Actually, the ignition of the electric 
match composition adjacent to the bridgewire 
must occur slightly earlier. For gas producing 
compositions, the time between the ignition and 
external light production is relatively small. Pre- 
vious testing by the authors suggests that the 
interval for one type of gas producing composi- 
tion is no more than a small fraction of a milli- 
second. One electric match manufacturer sug- 
gests that the time between ignition and light 
production may be as much as 2 ms for some 
gas producing compositions.”! However, for 
mostly gasless compositions, the time interval 
could be considerably greater still. 


The ramp firing current tests for each electric 
match type were repeated a number of times, us- 
ing a collection of different rates of current in- 
crease. For each test, the firing time ¢, (first light 
production) and the current flowing at that time 
I, were recorded. Figure 3 (for Daveyfire A/N 28 
B matches) is typical of the data produced. Note 
that under the condition of a rapid ramp current 
increase, the minimum firing time of approxi- 
mately 15 ms is produced with a ramp firing cur- 
rent of approximately 500 mA. At the other ex- 
treme, using more slowly increasing currents, 
when the ramp firing currents were as low as 
approximately 250 mA, a wide range of firing 
times was produced. Further, under these condi- 
tions, some match tips failed to ignite (shown in 
Figure 3 as open data points and are arbitrarily 
plotted at 500 ms). The scatter of data points about 
the curve plotted in Figure 3 is thought to reflect 
a combination of the normally expected uncer- 
tainties in the ignition process, plus minor manu- 
facturing variations between the electric matches. 
This amount of scatter is fairly typical of that 
seen for most other electric match types tested. 


For some electric match types and under some 
conditions, the bridgewire fuses before the match 
fires (i.e., before light is emitted). The types of 
electric matches experiencing fusing before fir- 
ing and the conditions under which this occurred 
are discussed briefly below; see Table | and its 
notes. When fuse-before-firing occurred, the fir- 
ing current J, was taken to be what was flowing 
at the moment of fusing, whereas the firing time 
continues to be the time to the first light output, ft). 


550 

500 | 

450 

400 

350 

300 

250 ; 
200 


Firing Current, /, (mA) 


0 100 200 300 400 500 
Firing Time, t, (ms) 


Figure 3. Ramp firing current data for Davey- 
fire A/N 28 B electric matches. 


Results 


The results of the ramp firing current tests are 
summarized in Table |. The approximate mini- 
mum firing time gives some indication of the 
rapidity with which the electric match types fire. 
In actual application, with approximately con- 
stant applied currents, the firings will occur 
more rapidly than in these tests. However, even 
if typical firing times were as long as those listed 
in Table 1, they would all be rapid enough to be 
of no concern in designing a fireworks display. 
Of somewhat more interest is the corresponding 
ramp current for these firing times. These give 
an indication of the minimum reliable firing cur- 
rent for the electric matches. Note that for the 
normal sensitiveness electric matches, these cur- 
rents all range from 500 to 600 mA. In contrast, 
the low sensitiveness electric matches require 
greater firing current. For example, the Martinez 
Specialty Titan matches require about 50% more 
current, and the Luna Tech Flash matches re- 
quire at least 300% more current, than the nor- 
mal sensitiveness matches. The ramp firing data 
for a collection of Daveyfire A/N 28 F matches 
is presented in Figure 4. The scatter in the data is 
such that no reliable estimate could be made for 
the minimum firing time and its corresponding 
ramp firing current; however, it is apparent that 
it too requires significantly more firing current 
than electric matches of normal sensitiveness. 


An estimate of the average minimum ramp 
current resulting in firing of each type electric 
match is also presented in Table 1. While this 
estimate is related to no-fire current, it is some- 


Page 8 Selected Pyrotechnic Publications of K. L. and B. J. Kosanke (2001 and 2002) 


Table 1. Ramp Current Firing Results. 


Supplier 
Name 


Product 
Designation 


Minimum Firing 
Time / Current” 


Ave. Min. 
Firing 
Current” 


Statistical 

Spread) 
Slightly Broader 
Average 


First Light 
Versus 
Fusing Time 


Before 


Luna Tech 


Martinez 
Specialties 


Before 
Before 


Much Narrower | Near Same 


a) Minimum firing times and the corresponding currents are approximations and only apply for the conditions of 
these tests. These values were determined subjectively by examination of the plotted results for each electric 
match type in the area where the curves (like that shown as Figure 3) become near vertical. (Firing times are 
actual times to first light production.) It was felt appropriate to report those ramp-firing currents to only the 
nearest 100 mA. These currents are not the same as “All-Fire” currents for the electric matches. 


b) Average minimum firing currents are approximations and only apply for the conditions of these tests. These 
values were determined subjectively by examination of the plotted results for each electric match type in the 
area where the curves (like that shown as Figure 3) become near horizontal. It was felt appropriate to report 
those ramp-firing currents to only the nearest 25 mA. These currents are not the same as “no-fire” currents for 


the electric matches. 


c) The statistical spread in the data is a subjective estimate of the degree to which the collection of each type 
electric match produced consistent ramp firing results. This is an estimate of how close on average the data 
points fell to the curve fit line. See Figure 3 for example, which is defined as having an average data spread. 


d) “Before” indicates that the electric match produced light before its bridgewire fused, as in Figure 2. “After” 
indicates that the electric match produced light after the bridgewire fused, as in Figure 5. 


e) These results varied so widely (See Figure 4) that it was not felt to be appropriate to attempt to assign values. 


f) At higher ramp currents, light production occurred after the bridgewire fused, whereas at somewhat lesser 
currents the firing and fusing were essentially simultaneous. 


g) Two production lots of Luna Tech’s BGZD electric matches were used in this study and insufficient care was 
taken to identify exactly which matches were used in these ramp-current tests. While the firing times and cur- 
rents seemed to be consistent between the two lots, the fusing times seemed to be different. Most electric 
matches produced light before their bridgewires fused; others fired at about the same time the bridgewire 


fused. The reason for the difference was not discovered. 


h) Occasionally when using minimal firing current, there was an incomplete ignition of the electric match com- 
position, with only the tip igniting (Luna Tech) or one side igniting (Martinez Specialty). See Figure 6. 


what greater as a result of the statistical spread 
(uncertainty) found in the data. The data for 
normal sensitiveness electric matches ranged 
from about 200 to 375 mA, suggesting that no- 
fire currents for these electric matches probably 
are in the range of 150 to 300 mA. 


Perhaps the most interesting ramp current re- 
sults are the statistical spreads observed during 
the testing. For the purposes of this study, the 
spread demonstrated in Figure 3 for the Davey- 
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fire A/N 28 B electric matches was considered 
to be typical (average). Note in Table 1 that 
most electric matches were designated as being 
average, or only slightly narrower or broader 
than average. However, one electric match type, 
Martinez Specialty Titan matches, had a statisti- 
cal spread significantly narrower than average, 
and one electric match type, Daveyfire A/N 28 F 
matches, had a statistical spread significantly 
broader than average. (See Figure 4). As in Fig- 
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Figure 4. Ramp firing current data for 
Daveyfire A/N 28 F electric matches. 


ure 3, the two data points shown as open dots in 
Figure 4 were instances where the electric 
matches did not ignite and are arbitrarily plotted 
with a firing time of 500 ms. It would seem that 
matches with lesser spreads might prove to be 
more reliable (predictable) in their performance, 
while those with wider spreads would be less 
predictable in their performance. This could pos- 
sibly translate to their being less reliable in se- 
ries firing of many matches. However, this has 
not been proven, and it is not known the extent 
to which such differences would be noticeable in 
actual use. 


In those cases when electric matches fired 
(produced light) significantly after their bridge- 
wires fused, there is a potential concern that un- 
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Figure 5. An example of the ramp current test 
data when the bridgewire fuses shortly before 


there is light output (Luna Tech Flash match). 
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Figure 6. Electron micrographs of a Luna Tech 
(upper) and a Martinez Specialty (lower) elec- 
tric match with incomplete ignition.. 


der some circumstances, they could conceivably 
fail to fire at all, especially if fired in a series 
circuit with many electric matches. However, 
this has not been confirmed by testing, and it 
may merely be the result of the electric matches 
burning internally prior to their external light 
emission. However, for two of the more rapidly 
rising ramp currents used in the testing of Luna 
Tech Flash Matches, it was observed that the 
bridgewires fused without successfully produc- 
ing an ignition of the electric match. The reason 
for this was not determined. (The fire after fuse 
question will be considered further in the next 
article of this series.) 
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ABSTRACT 


Today the most reliable method for detecting 
gunshot residue is through the combined use of 
scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS) of the resulting 
X-rays. In recent years, this same methodology 
has found increasing use in detecting and char- 
acterizing pyrotechnic reaction residue particles 
(PRRPs). This is accomplished by collecting 
particulate samples from a surface in the imme- 
diate area of the pyrotechnic reaction. Suspect 
PRRPs are identified by their morphology (typi- 
cally 1 to 20 micron spheroidal particles) using a 
SEM, which are then analyzed for the elements 
they contain using X-ray EDS. This will help to 
identify the general type of pyrotechnic composi- 
tion involved. Further, more detailed laboratory 
comparisons can be made using various known 
pyrotechnic formulations. 


Keywords: pyrotechnic reaction residue 
particles, PRRP, primer gunshot residue, PGSR, 
scanning electron microscopy, SEM, energy 
dispersive spectroscopy, EDS, morphology, 
X-ray elemental analysis, forensics 


Introduction 


The combined use of scanning electron mi- 
croscopy (SEM) and X-ray energy dispersive 
spectroscopy (EDS) for use in the detection of 
primer gunshot residues (GSR) was introduced 
in the mid-1970s.""! This GSR analytic method 
has become so well established that it has been 
defined through an ASTM standard.'! In es- 
sence, the method uses SEM to identify particles 
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with the correct morphology and X-ray EDS to 
determine whether those particles have the ele- 
mental constituents of PGSR. The sought after 
GSR particles have a morphology that is nearly 
spherical in shape and range in the size from 
approximately 0.5 to 5 microns. These residue 
particles, which originate from the primer com- 
position, are spheroidal in shape because they 
are formed at high temperature, where the sur- 
face tension of the molten residue droplets con- 
tracts them into spheroids before they solidify 
upon cooling. The particles are relatively small 
because they are created under near explosive 
conditions, first at high pressure inside the fire- 
arm, then suddenly expanding to atmospheric 
pressure. The sought-after GSR particles most 
commonly have lead, antimony and barium pre- 
sent (or some combination thereof), often in 
conjunction with a small collection of other 
chemical elements. This is because GSR particles 
have essentially the same elements present as in 
the formulation used in the primer for the car- 
tridge, where compounds containing lead, anti- 
mony and barium are common.) In addition, 
materials from the projectile, cartridge case and 
barrel of the weapon may be present in GSR 
particles. The chemical elements present in 
smokeless powder are the same as are generally 
present in organic matter and are thus not unique 
to GSR. (However, these materials can often be 
chemically detected by other means."!) 


The requirement for both the correct mor- 
phology and the correct elemental composition, 
all within the same individual particle, provides 
high specificity. Certainly this methodology pro- 
vides much higher specificity than the previ- 
ously accepted technique for GSR analysis based 
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on atomic absorption spectroscopy of washes 
taken from the hands or clothing of an individ- 
ual. In fact the SEM / EDS technique is consid- 
ered so specific that in a recent survey, one fo- 
rensic laboratory considered finding even a sin- 
gle particle meeting the GSR criteria sufficient 
to report that a person was near a discharging 
firearm." (Note, however, essentially all labora- 
tories surveyed did not provide the specific num- 
ber of particles required for positive GSR identi- 
fication. Presumably because the answer is more 
complicated, requiring consideration of things 
such as whether there may be natural or indus- 
trial materials present that have similar attrib- 
utes.) The same high degree of specificity that 
SEM / EDS offers in GSR detection, also ap- 
plies to the identification of pyrotechnic reaction 
residue particles (PRRPs); however, there are 
two important differences. First, the chemical 
elements present in PRRPs are mostly different 
(and potentially more varied) than those most 
commonly found in GSR. Second, generally the 
quantity of PRRPs produced is several orders of 
magnitude greater than that for GSR. The first 
difference makes performing PRRP analysis 
somewhat more difficult, but the second makes 
it much easier. 


Although using the combination of SEM / 
EDS is well established from decades of use in 
GSR analysis, and although the same methodol- 
ogy applies equally well to the analysis of 
PRRPs, relatively little information regarding its 
use for PRRP analysis has appeared in the litera- 
ture. While the first reports of the application of 
the SEM/ EDS methodology to pyrotechnic resi- 
due analysis also appeared in the 1970s,'°7! 
most of the articles are recent and in the context of 
pyrotechnic residues that may be found to meet 
the criteria of GSR.'*''! The one recent excep- 
tion known to the authors is a single article pro- 
duced at the Forensic Explosive Laboratory in the 
UK."”! The sparseness of published information 
is unfortunate, because this is a powerful investi- 
gative tool about which too few people are 
aware. Granted, the number of pyrotechnic and 
fireworks incidents whose investigations can 
benefit from this technique is not large. How- 
ever, in those instances where it can be beneficial, 
probably no other methodology can produce 
comparably useful results. Accordingly, this pa- 
per was written to increase awareness of the use 
of SEM/ EDS for the analysis of pyrotechnic 
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reaction residues for the purpose of accident in- 
vestigation. Since many investigators may not be 
familiar with SEM / EDS, this article includes 
some basic information about these techniques. 
However, it should be noted that many details 
and subtleties of SEM / EDS methodology are 
beyond the scope of the present article. 


Basic SEM / EDS Methodology 


Most of what is described in the remainder of 
this article is independent of the type of instru- 
ment used. However, it may be instructive to 
describe the instrument most often used by the 
authors. The SEM is a manually operated AM- 
RAY 1000, recently remanufactured by E. Fjeld 
Co."'*! For this work, the instrument is most of- 
ten used in the secondary electron mode, but it is 
occasionally used in the backscatter mode when 
that is needed. The instrument provides software 
driven digital imaging. The X-ray spectrometer 
is energy dispersive, using a Kevex Si(L1) detec- 
tor''*! with a beryllium window in conjunction 
with an American Nuclear System!'*! model 
MCA 4000 multichannel analyzer and its Quan- 
tum-X software (version 03.80.20). Most typi- 
cally, samples are collected on conductive car- 
bon dots and are not coated. However, to im- 
prove the image quality of some of the micro- 
graphs in this article, some specimens were 
lightly sputter coated with gold. It should be 
noted that some additional information on the 
eeehnalies used is included in a subsequent arti- 
cle. 


Much of the information presented in this 
section is based on standard texts dealing with 
the subjects of scanning electron microscopy and 
X-ray energy dispersive spectroscopy.''”'*! In its 
simplest terms, the operation of a SEM can be 
described as follows. An electron gun produces 
high-energy electrons that are focused and pre- 
cisely directed toward a target specimen in a 
vacuum (see Figure 1). As a result of this bom- 
bardment, among other things, low energy sec- 
ondary electrons are produced through interac- 
tions of the beam electrons with the atoms in the 
specimen. In the most commonly used SEM 
mode, these secondary electrons are collected and 
used to generate an electronic signal. The ampli- 
tude of that signal is dependent on the nature and 
orientation of the portion of the specimen being 
bombarded at that time. The impinging electron 
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Figure 1. Illustration of some aspects of the 
production and collection of secondary 
electrons in a SEM. 


beam can be systematically moved over the 
specimen in a rasterized pattern of scans (see 
Figure 2). The resulting secondary electron sig- 
nal can then be used to create an overall (televi- 
sion-like) image of that portion of the specimen 
being scanned. Because the incident beam of 
electrons is highly focused and because the pat- 
tern of scans across the specimen can be pre- 
cisely (microscopically) controlled, the image 
produced is of high spatial resolution and can be 
highly magnified (easily to 20,000x). 


Secondary Electron 
Signals Used To 


Rasterized Electron Create an Image 


Beam Scans 


Specimen 


Figure 2. Illustration of some aspects of 
rasterized SEM scanning to produce an image. 


Along with the production of secondary elec- 
trons, much higher energy backscatter electrons 
are also produced. Because of their high energy, 
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only a relatively few will be detected and can be 
used for imaging with the instrument being used. 
Nonetheless, there are times, discussed later in 
this article, when using backscatter electrons for 
imaging will be a useful tool in identifying the 
origin of some types of particles found within 
samples. 


In addition to the production of secondary 
and backscatter electrons, another result of the 
interaction of the electron beam with the target 
specimen is the production of X-rays. These X- 
rays are uniquely characteristic of the type of 
atoms (the chemical elements) that produced 
them. By detecting and analyzing the energies of 
the X-rays that are generated, the identity of 
chemical elements in the target specimen can be 
determined with great specificity. 


The most common method for analyzing the 
X-rays produced by the specimen is described as 
energy dispersive spectroscopy (EDS). This uses 
a solid state [Si(L1)] X-ray detector. The output of 
this detector consists of voltage pulses that are 
proportional to the X-ray energies being depos- 
ited. Using a multichannel analyzer (MCA), the 
signal pulses are sorted according to voltage (X- 
ray energy) and the results stored for subsequent 
interpretation (i.e., the identification of the 
atomic elements present). There are some limita- 
tions on the range of energies of the X-rays that 
are produced and detected using a SEM / EDS 
instrument. The maximum energy of the X-rays 
will be a little less than the energy of the electron 
beam (which typically is 20 or 30 keV). How- 
ever, as a practical matter, good X-ray yields 
require a beam energy approximately 1.5 times 
the X-ray energy. Further, there is an energy 
threshold below which the X-rays will not be de- 
tectable. For those instruments that use a vacuum 
isolating beryllium window, this threshold is 
approximately 0.5 keV. This has the effect of 
preventing the detection of the X-rays from ele- 
ments below oxygen in the periodic table. (As a 
practical matter, for such instruments, X-rays 
from elements below sodium are difficult to de- 
tect.) 


As the primary beam of electrons penetrates 
and interacts with the specimen, there is a loss of 
their initial energy, and with that, a loss in the 
electron’s ability to stimulate the production of 
higher energy X-rays. While it depends on the 
electron beam energy and the nature of the 
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specimen, for the X-ray energies of interest in 
PRRP analysis, the depth of interrogation should 
be considered to be no more than approximately 
5 um. 


Accordingly, the combination of SEM / EDS 
allows (with some limitations) the microscopic 
imaging of specimens and the determination of 
the chemical elements present in those speci- 
mens. It is this powerful combination of abilities 
that allows for the rapid identification and char- 
acterization of PRRPs. 


Pyrotechnic Reaction Residue 
Particle Morphology 


In essentially every case, pyrotechnic reac- 
tions produce sufficient thermal energy to pro- 
duce molten reaction products. Further, in the vast 
majority of cases, some temporarily vaporized 
reaction products are also generated—usually 
along with some permanent gases. Assuming the 
pyrotechnic reaction is somewhat vigorous, the 
temporary and permanent gases act to disperse 
the molten and condensing reaction products as 
relatively small particles. The size of these resi- 
due particles varies from several hundreds of 
microns down to considerably less than one mi- 
cron. The distribution of particle size depends on 
the nature of the pyrotechnic composition and 
the conditions under which they were produced. 
Explosions tend to produce only relatively small 
particles (smoke), whereas mild burning tends to 
produce a wider particle-size distribution, includ- 
ing many larger particles. Because of surface 
tension, those pyrotechnic reaction residue parti- 
cles (PRRPs) that were molten and then solidi- 
fied while airborne will generally be spherical (or 
at least spheroidal) in shape. The collection of 
electron micrographs in Figure 3 demonstrates 
the appearance of some PRRPs. The selected par- 
ticles range from approximately 10 to 20 microns 
in diameter. These particles were collected from 
a surface that was one foot (0.3 m) from an ex- 
plosion produced using a type of fireworks flash 
powder. In this same test, in addition to particles 
of pyrotechnic origin, soil particles were present 
that were mobilized as a result of the explosion. 
For comparison, see Figure 4, which is a collec- 
tion of micrographs of typical soil particles of 
geologic origin. Again, all selected particles range 
from approximately 10 to 20 microns. 
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Figure 3. Examples of 10 to 20 micron 
spheroidal pyrotechnic reaction residue (PRR) 


particles. 


Figure 4. Examples of typical 10 to 20 micron 
particles of geologic origin (soil). 


As illustrated in Figures 3 and 4, most often 
there are discernable differences between PRRP 
morphologies and those of geologic soil particles; 
however, this cannot be absolutely relied upon. 
Pyrotechnic residues often include particles that 
are non-spheroidal, and some geologic particles 
can be spheroidal. The non-spheroidal particles 
of pyrotechnic origin can be unreacted compo- 
nents of the pyrotechnic composition or reaction 
residues that are not spheroidal, apparently the 
result of their still being molten when they col- 
lided with the collection surface. Occasionally 
soil particles appear nearly spherical in shape, 
apparently the result of their being mobile in the 
environment for a long time, during which abra- 
sive action removed their sharp, angular features. 


Page 15 


Another potential complication in identifying 
PRRPs is that occasionally particles of unreacted 
pyrotechnic composition can be spheroidal in 
shape. This can be a result of their method of 
manufacture or processing. For example, the left 
image in Figure 5 is a type of atomized alumi- 
num occasionally used in pyrotechnic formula- 
tions.''”! The right image is a particle of potas- 
sium nitrate that has been prepared for use by ball 
milling to reduce its size.”°! If any particles such 
as these are left unreacted after an incident, it is 
possible a few could be found interspersed with 
PRRPs. 


Figure 5. Examples of 10 to 20 micron 
spheroidal or nearly spherical particles 
sometimes found in pyrotechnic compositions: 
left, atomized aluminum, right, ball-milled 
potassium nitrate. 


Other types of non-pyrotechnic particles are 
spheroidal and fall in roughly the same size range 
as PRRPs. The two images in Figure 6 are ex- 
amples of spherical particles of biologic origin: 
blood cells and grass pollen. Although the ex- 
planation is beyond the scope of this article, the 
yield of secondary electrons is virtually inde- 
pendent of atomic number (Z), whereas the yield 
of backscatter electrons depends highly on the Z 
of the target atoms, see Figure 7. Accordingly, 
the use of the backscatter mode of the SEM op- 
eration is useful in differentiating between or- 
ganic particles (low Z) and PRR or geologic par- 
ticles (typically higher Z). Similarly, in those 
instances when there is sufficient difference in 
atomic number between PRR and geologic par- 
ticles, the use of backscatter mode can be useful. 
The two images in Figure 8 illustrate the differ- 
ence between operating in secondary and back- 
scatter electron modes. Note in the image on the 
right how the two high Z lead particles clearly 
appear brighter than the many particles of or- 
ganic material. Finally, Figure 9 demonstrates 
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two more spheroidal particles that can be found 
in the environment that are of non-pyrotechnic 
origin. These are a particle produced by grinding 
metal and a cigarette smoke particle. 


Figure 6. Examples of 5 to 20 micron 
spheroidal particles of biologic origin: 
left, red blood cell; right, grass pollen. 
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Figure 7. A graph illustrating the number of 
secondary and backscatter electrons produced 
from targets as a function of atomic number. 
(Based on references 17 and 18.) 


Figure 8. These two images demonstrate the 
difference between operating the SEM in the 
secondary electron and backscatter modes with 
a mixture of organic and high atomic number 
particles. (This specimen had been coated using 
a conductive carbon spray.) 


Selected Pyrotechnic Publications of K. L. and B. J. Kosanke (2001 and 2002) 


Figure 9. Examples of 10 to 20 micronspherical 
particles in the environment: left,particle from 
metal grinding and right, cigarette smoke 
particle. 


All these various particle shapes for both 
PRRPs and non-PRRPs not withstanding, keying 
on spheroidal particles for analysis is still quite 
useful, as this fairly quickly targets those particles 
that have the best chance of being PRRPs. 


Suspect Particle X-ray Signatures 


Table | is a list of those chemical elements 
somewhat commonly found in pyrotechnic com- 
positions. Included is an attempt to estimate the 
relative overall frequency of each chemical ele- 
ment’s presence in civilian and/or military com- 
positions. Also included are the energies of the 
X-ray peaks that are most often used to establish 
the presence of that element in PRRPs. Because 
many instruments commonly in use have diffi- 
culty detecting X-rays from the elements below 
sodium in the periodic table, those elements 
have not been included in Table 1. 


Ofcourse, all of the chemical elements present 
in the unreacted pyrotechnic composition will be 
present in the combustion products. However, 
not all of the elements will be present in the solid 
residues to the same degree that they were in the 
unreacted composition. For example, when sul- 
fur is used as an ingredient in a high-energy 
flash powder, it is generally not found in the 
PRRPs. Most likely this is because it has reacted 
to form sulfur dioxide, a gas, which is lost. 


In Figure 10, the three upper X-ray spectra are 
from individual particles in an unreacted flash 
powder with the formulation: 60% potassium per- 
chlorate, 30% magnesium:aluminum alloy 50:50 
(magnalium), and 10% sulfur. Below them is the 
spectrum from a “gross” sample of the unreacted 
flash powder, collected such that the X-rays 
originate from a large collection of individual 
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Table 1. Most Common Chemical Elements 
Present in Pyrotechnic Compositions. 


X-ray Energies 
(kev) ° 
1.04 


Element” Z©) | Fp 
| Sodium 
M 


Aluminum 


Phosphorous 


|Potassium 


Titanium 22. [2 4.51, 4.93 


Zinc 30 | 3 8.63, 9.57 


2.36, 10.55, 12.62. 


Bismuth 83 3 | 2.44, 10.83, 13.02 


a) Only those elements producing characteristic X- 
rays with energies above 1.0 keV are listed. The 
elements are listed in order of increasing atomic 
number. 


b) Z is atomic number. 


c) F/P means the frequency of presence of this ele- 
ment in pyrotechnic compositions. Rankings 
range from | to 3, with 1 indicating those ele- 
ments most frequently present, and 3 indicating 
those elements only occasionally present. No at- 
tempt was made to differentiate between their 
presence in civilian versus military pyrotechnics. 
Energies (in keV, reported to 0.01 keV) for the X- 
rays between | and 20 keV that are most fre- 
quently used to identify the presence of the ele- 
ment. 


d 


Ww 


e 


wm 


When using an energy dispersive X-ray spec- 
trometer, sometimes there will be overlaps of 
some of the X-rays listed. However, in most in- 
stances these cases should not result in their mis- 
identification. This will be discussed in a future 
article.!"°! 
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particles, which produce a spectrum representa- 
tive of the average composition of the unreacted 
flash powder. The lower most X-ray spectrum is 
typical of that produced by a PRRP. In the lower 
two spectra, note the difference in the sulfur 
peaks; while it is quite prominent in the unre- 
acted gross spectrum, it is missing from the 
gross residue spectrum. The reduction of the 
potassium and chlorine peaks, and a small 
change in the ratio of magnesium and aluminum 
peaks will be discussed in a subsequent article 
addressing some of the finer points of PRRP 
analysis. ''°! 
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Figure 10. X-ray spectra from a pyrotechnic 
flash powder. 


The vertical scales of the spectra were nor- 
malized such that the largest X-ray peak in each 
spectrum has the same, full-scale height. This 
method was chosen because it readily facilitates 
the comparison of spectra collected for different 
lengths of time, or for which different count 
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rates were produced. Also, while data was col- 
lected to nearly 20 keV, the horizontal (energy) 
axis was truncated at a point shortly above the 
last significant X-ray peak found in any spec- 
trum, in this case at about 5.5 keV. This pro- 
vided a clearer view of the peaks that are pre- 
sent. Similarly, the portion of the spectrum be- 
low approximately 0.5 keV was not included. 


The X-ray spectra in Figure 11 were pro- 
duced as part of an accident investigation. In this 
case, an individual received burns when a fire- 
work allegedly exploded and sent burning pieces 
of pyrotechnic composition in his direction. Up- 
permost is the gross spectrum of the unreacted 
composition taken from the firework alleged to 
have been responsible for the injury. In the mid- 
dle is a spectrum typical of a PRRP produced by 
burning this same pyrotechnic composition un- 
der laboratory conditions. Lowermost is a spec- 
trum typical of PRRPs taken from the clothing 
of the burn victim. In comparing the two lower 
spectra, note that the spectrum of PRRPs from 
the victim is consistent with having been pro- 
duced by the suspect firework. 
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Figure 11. X-ray spectra produced during an 


accident investigation. 


The spectra in Figure 11 were recorded for a 
relatively short time, approximately 1.5 minutes. 
Itis often appropriate to use short collection times, 
from 0.5 to 2 minutes. Generally, data collection 
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time only needs to be sufficient to confidently 
identify the significant elemental components of 
the particle. This allows the analysis of a greater 
number of PRRPs, thus increasing one’s confi- 
dence in any conclusions reached. When needed, 
longer data collection times can be used when 
attempting to identify minor components of a 
suspect particle. 


All of the spectra presented in Figure 11 (and 
Figure 13) use a vertical scale presenting the 
square root of the number of counts per channel. 
This scale was chosen because it readily facili- 
tates the observation of both major and minor X- 
ray peaks in the spectrum (as well as giving an 
indication of their statistical precision). As in 
Figure 10, the vertical scales have been normal- 
ized to have the largest peak reach full scale, and 
the horizontal axis has been truncated at a point 
a little higher than the last peak observed. 


For the most part, those particles of geologic 
origin, comprising the inorganic components of 
soil, can be eliminated from consideration based 
on their non-spheroidal morphology. (See again 
Figure 4.) In addition, those few geologic parti- 
cles that appear roughly spheroidal can almost 
always be eliminated based on their X-ray signa- 
tures. To someone without a geochemistry and 
pyrotechnic chemistry background, this might not 
be readily apparent, especially after considering 
Table 2, which lists the abundance of the most 
prominent chemical elements in the Earth’s crust. 
Note that of the ten most abundant crustal ele- 
ments, all eight of those with atomic numbers 
from sodium and above also appear in the list of 
elements somewhat commonly present in pyro- 
technic compositions. The non-morphologic ba- 
sis for discriminating between geologic and 


PRRPs is discussed in the next few paragraphs. 


Table 2. Average Crustal Abundance." 


Element % () 
Sodium 2.8 


Element % () 


Hydrogen 0.1 


Calcium 3.6 


a) Percent by weight, expressed to 0.1%. 


Sometimes the presence of pyrotechnic resi- 
due is so abundant that it is clearly visible as 
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whitish, grayish or blackish material adhering 
somewhat to the surface of items exposed during 
the incident. In that case, the samples taken from 
those locations are likely to contain a relatively 
high proportion of PRRPs. This combined with 
the relatively small number of geologic particles 
that fit the morphology criteria for residues, of- 
ten allows the tentative identification of residue 
particles based primarily on statistical considera- 
tions. For example, consider the case of examin- 
ing a total of 50 suspect particles selected be- 
cause they meet the PRR morphology require- 
ments. Suppose that 40 of these have elemental 
signatures consistent with being from the same 
source. Whereas the remaining 10 have one or 
another of a few other general signatures. In this 
case, based on probability alone, it is somewhat 
likely that the 40 particles are of pyrotechnic 
origin. The level of confidence significantly in- 
creases if the X-ray elemental signature for the 
40 particles is consistent with having been pro- 
duced pyrotechnically (even more so if there is 
an absence of such particles in background sam- 
ples, discussed further below). Nonetheless, it 
must still be considered that some of the 10 
other morphologically correct particles may also 
be of pyrotechnic origin, such as might have 
been produced in another event or from a differ- 
ent pyrotechnic composition. 


Often the exposure to pyrotechnic residues is 
limited, either in duration of exposure, by distance 
from the reaction, or both. In addition, it is pos- 
sible that the surface to be sampled was dirty at 
the time of the exposure, has become dirty since 
the exposure, or is of a nature that will produce 
an abundance of non-pyrotechnic material. In 
these cases, gross statistical considerations and 
general pyrotechnic knowledge may not be suf- 
ficient to produce results with a reasonable con- 
fidence level. In such cases, or to increase ones 
general confidence in the identification of resi- 
due particles, a combination of two other things 
will greatly aid in discriminating between PRRPs 
and those relatively few geologic particles with 
similar morphologies. First is the taking and ana- 
lyzing of background samples, which can come 
from at least three different sources. Background 
samples can be taken of the soil (dirt) in the local 
area that is thought to be free of the pyrotechnic 
residues of interest. Background samples can be 
taken from the surface of items in the area of the 
incident, which are similar to those items of in- 
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terest, but which were far enough away to be 
reasonably free of the pyrotechnic residues of in- 
terest. Background samples can also be taken 
from the primary items being sampled for PRRPs. 
In that case, an examination of non-spheroidal 
particles that clearly appear to be non-pyrotechnic 
in origin can also be useful in establishing the 
elemental signatures of geologic particles. Any 
of these various background samples are useful 
in establishing a list of elemental signatures for 
non-pyrotechnic particles that are likely to be 
found on the suspect items. Then, depending on 
whether the suspect particles have elemental 
signatures similar to background geologic parti- 
cles, their origin can often be established with 
reasonable confidence. If not, the particles must 
be considered to be of indeterminate origin, at 
least until further information is developed. 


A great aid in discriminating between geo- 
logic and PRRPs is knowledge of the likely ele- 
mental signatures for both types of particles. For 
example, for the most common EDS units, far 
and away the most abundant geologic element 
that can be detected is silicon, and the most 
common mineral is one or another form of 
quartz, silicon dioxide.””! Accordingly, it is not 
uncommon to find particles that produce essen- 
tially only silicon X-rays. Further, it is known in 
pyrotechnics that: silicon is not one of the more 
commonly present elements; silicon is primarily 
used in military formulations; silicon only tends 
to be used in the igniter portion of a device, 
which is generally only a tiny portion of the total 
amount of composition likely to be present; and 
silicon is essentially always used in combination 
with other readily detectable elements. Thus, 
when a particle is examined and found to exhibit 
only silicon X-rays, even when it has a mor- 
phology roughly consistent with PRRPs, one can 
be relatively certain that it is of non-pyrotechnic 
origin (especially if such particles have also 
been found in background samples). A similar 
argument can be made for particles exhibiting 
essentially only calcium X-rays, which may be 
one or another geologic form of calcium carbon- 
ate, 76) 


Geologic particles producing combinations 
of X-rays are a little more problematic, but most 
can also be identified with a reasonable degree 
of confidence. For example, feldspar refers to a 
group of minerals making up about 60% of the 
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Earth’s crust.”*! Most commonly these are com- 


binations of silicon, aluminum, and one or the 
other of potassium, sodium or calcium. While 
these specific combinations occur frequently in 
geologic particles, it would be unusual to find 
such combinations in PRRPs. Although a little 
too simplistic to make it a general rule, the most 
common geologic material will generally have 
silicon or calcium as the most prevalent X-ray 
peak, whereas pyrotechnic material will gener- 
ally have few, if any, of these elements present. 
(For more complete information on the forensic 
analysis of soils using SEM, see reference 21.) 


Like particles of geologic origin, those that 
are organic in nature (biologic or manmade) gen- 
erally will not have morphologies mistakable for 
PRRPs. Also, similar to geologic particles, or- 
ganic particles will have X-ray characteristics 
that greatly aid in their identification. One of these 
characteristics is their low rate of production of X- 
rays with energies greater than 0.6 keV. This is a 
result of biologic particles being mostly com- 
prised of compounds with elements no higher 
than oxygen. Thus, it is common for biologic 
particles to produce no more than about 1/3 the 
number of X-rays above 0.6 keV than will geo- 
logic or PRRPs. Further, the elemental signatures 
of organic particles are likely to be significantly 
different from PRRPs. Finally, operating the 
SEM in the backscatter mode offers the potential 
to discriminate against biologic particles because 
of the reduced intensity of their images. How- 
ever, this generally requires applying an electri- 
cally conductive coating to the specimen. Fur- 
ther, because the difference in Z between or- 
ganic and geologic or PRRPs is not very great, 
the image intensity contrast may not be suffi- 
cient to allow their easy differentiation. 


Generally, it will not be possible to establish 
the identity and origin of each particle analyzed, 
and these should be characterized as being “In- 
determinate’. However, in most cases the sheer 
number of PRRPs produced is so great (gener- 
ally at least a thousand times more than for GSR) 
that there is no need to positively characterize 
each particle. Further, there is no need for the 
search for PRRPs to be exhaustive. Rather a sta- 
tistical approach is taken in which analysis con- 
tinues only until the degree of certitude reaches 
the level desired. 
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Analytical Example 


This example comes from the same case men- 
tioned earlier, wherein an individual was burned 
when a firework was alleged to have exploded 
sending pieces of burning pyrotechnic composi- 
tion in his direction. Figure 12 is an electron mi- 
crograph ofa small portion of a sample taken from 
the inside the individual’s clothing, from the gen- 
eral area where the burn occurred. (This specimen 
was sputter coated with a thin layer of gold to help 
produce a satisfactory image for publication.) In 
this image, a series of six items are identified for 
use as examples of the way the analysis was per- 
formed. (In the actual investigation, several addi- 
tional particles seen in this image were also ana- 
lyzed, as well as many other particles from other 
portions of this and other samples.) Figure 13 is 
the collection of the X-ray spectra collected from 
the six particles (items) identified in Figure 12. 


Table 3 presents the results from the analysis 
of the particles identified in Figure 12 and illus- 
trates a typical methodology used in performing 
an analysis of PRRPs. However, the categories 
and classifications will often need to be adjusted 
for specific investigations. In Table 3, particle 
Morphology Type is basically divided into two 
categories, Spheroidal (in this case meaning near 
spherical) and Non-Spheroidal, with Fibrous as a 
subcategory of non-spheroidal. The reason for 
including the fibrous subcategory is that organic 
materials (both biologic and manmade) often 
have this appearance, while PRRPs do not. (In 


Figure 12. An electron micrograph identifying a 
series of particles (items) analyzed during an 
accident investigation. (See Table 3.) 


Selected Pyrotechnic Publications of K. L. and B. J. Kosanke (2001 and 2002) 


Ba Item 1 
Al Ba 
Mg 
Ba 
si} $ Ba 
Moh. Ba Item 2 
Ba 
Si iS) Pa Ba 
N : 
= Si Item 4 
= Aly lau 
@ | [xg 
Cc 
o Ca 
= 
O 
i 
© 
a. . 
gL Alsi ea Item 3 
5 Mg S Ca 
fo) K 
oO 
Si Item 5 
Si Item 6 


10 20 3.0 4.0 5.0 6.0 
Energy (keV) 


Figure 13. X-ray spectra collected from the six 
particles identified in Figure 12. 


this example, since the specimen was taken from 
clothing, many fibrous items were found.) When 
the appropriate category for a particle is not rea- 
sonably clear, it is assigned as being Indetermi- 
nate. 


Multichannel analyzer (MCA) Dead Time is 
the percent of time the MCA is occupied sorting 
the electronic pulses from the X-ray detector. 
All things being equal, MCA dead time is a use- 
ful indication of the rate at which X-rays from the 
specimen are being detected. For many systems, 
the X-rays from elements with atomic numbers 
(Z) less than approximately 11 (sodium) are es- 
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Table 3. Analytical Results for the Particles Identified in Figure 12. 


Particle Morphology Dead Time Peak-to- Chemistry 
— iss = —— Ratio Type 


sentially not detected. Nevertheless, MCA dead 
time will often provide a useful indication of the 
extent to which the specimen is composed of 
elements with Z less than 11. This is of interest 
because it will aid in determining whether a par- 
ticle is organic in nature (whether manmade or 
biologic). Many things affect the rate of produc- 
tion and detection of X-rays from the specimen. 
However, for the instrument and the configura- 
tion used in this article to produce the spectra in 
Figure 13, when the dead time is less than ap- 
proximately 5 percent, it is likely that the vast 
majority of the atoms in the portion of the 
specimen being scanned have atomic numbers 
less than 11. For this reason, spectra dead times 
have been included in Table 3. As further indica- 
tion that a recorded spectrum is from organic 
material, it will generally not contain any peaks 
of major intensity. Usually a visual inspection of 
the spectrum is sufficient to reveal this; however, 
for the purpose of this example, a quantitative 
measure of the peak-to-background ratio for the 
most prominent peak(s) in the spectrum was 
produced. For the instrument and its configura- 
tion used in this article, purely organic material 
generally produces peak-to-background ratios 
less than 2. Thus, as a further aid in characteriz- 
ing particles, Table 3 includes the value for the 
maximum peak-to-background ratio found in 
each spectrum. 


While the use of approximate MCA dead times 
to infer something about the predominant atomic 
numbers of a particle is useful, it is not com- 
pletely reliable. Even for the same instrument, 
operated under the same conditions, there are a 
number of factors that can give false low dead 
times. For example, for the very smallest parti- 
cles (those significantly less than the interroga- 
tion depth of the electron beam) the count rate 
(dead time) will be reduced. Similarly, when 
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Particle (Item) 
Identification 
vient VEC rotechnic. sleeve cette NINE Sa) 

_Pyrot 
Organic |. Organic 
i Non- 


there is shadowing of the X-ray detector by an- 
other portion of the specimen, the count rate will 
be reduced. These effects are expected and man- 
ageable; however, a more complete discussion 
must be deferred to a subsequent article.!'®! Simi- 
larly, peak-to-background ratios are not a com- 
pletely reliable indicator of prevalent atomic 
number. When there is a mixture of several mod- 
erate to high Z materials in the particle, such that 
there are many prominent peaks in the spectrum, 
peak-to-background ratios are reduced (in Ta- 
ble 3, compare particles 1 and 2, with particles 5 
and 6). Further, sometimes particles are mixtures 
of organic material with other material having 
higher Z components. For example, white paper 
has calcium carbonate added to make it whiter 
and more opaque, and organic material may 
have inorganic material imbedded within or ad- 
hering to its surface. 


Identification of organic particles can often 
be aided using the instrument in the backscatter 
electron mode. However, this is also not always 
reliable. If there is not a sufficient difference 
between the atomic number of the PRR and or- 
ganic particles, the difference in the backscatter 
yield coefficients may not be sufficient. In that 
case, the contrast between PRR and organic par- 
ticles may not be readily apparent given the 
normal variation in contrast between particles in 
the image (flaring or excessive contrast), espe- 
cially when the sample has not been coated. 


In Table 3, particle Chemistry Type is basi- 
cally divided into two categories (Pyrotechnic and 
Non-Pyrotechnic, with subclasses of Organic 
and Geologic for non-pyrotechnic particles). 
Assignments are made based on the types and 
ratios of chemical elements present. For the 
most part, the basis for assigning particles (items) 
to these classifications was described in the pre- 
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vious section on X-ray signatures. Another non- 
pyrotechnic subclass is often used for particles 
that are removed from the substrate from which 
the sample was collected. This might include 
paint flecks from a painted surface or rust parti- 
cles from an iron or steel surface. In the example 
being discussed, clothing fibers could have been 
assigned to that category. When the appropriate 
category for a particle is not reasonably clear, it 
is assigned as being Indeterminate. 


Particles one and two have the correct mor- 
phology and reasonably high count rates. Fur- 
ther, their chemistry is consistent with that of a 
PRRP, which has been confirmed through the 
production of effectively identical (matching) 
PRRPs in the laboratory using the suspect pyro- 
technic composition (see again Figure 11). Fur- 
ther, many more particles with the same elemen- 
tal signature were found in the same area of cloth- 
ing where the injury occurred. Finally, no simi- 
lar particles were found on background areas of 
clothing remote from the area of the injury. Ac- 
cordingly, with a high degree of confidence, par- 
ticles one and two are identified as PRRPs. 


Item three has the obvious appearance of a 
fiber; most likely from the individual’s clothing 
itself. Further, its counting dead time and peak- 
to-background ratio are quite low, suggesting it 
consists mostly of low Z atoms, and its chemis- 
try is essentially devoid of those major elements 
associated with geologic or pyrotechnic materi- 
als. Accordingly, with a high degree of confi- 
dence, this item is identified as being organic 
material. (The presence of an X-ray peak from 
gold is the result of the specimen having been 
sputter coated with gold for the purpose of fa- 
cilitating the taking of a high resolution electron 
micrograph for this article. The same gold X- 
rays were produced by all of the particles being 
analyzed; however, when those particles pro- 
duce higher X-ray count rates, the gold peak 
becomes much less prominent.) Particle four is 
roughly spheroidal, although it is elongated with 
a fairly pointed end. Accordingly, it has been 
conservatively designated as having a morphol- 
ogy that is indeterminate. Its counting dead time 
and peak-to-background ratio are quite low, 
suggesting it consisted of mostly of low Z atoms. 
While its chemistry appears to be much like that 
of particle (item) three, it has been conservatively 
designated as indeterminate because of the some- 
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what increased prominence of X-ray peaks most 
consistent with geologic material (calcium, sili- 
con, magnesium and aluminum). Taking every- 
thing into consideration, with a reasonable degree 
of confidence, this particle could have been iden- 
tified as being organic in nature; however, it was 
more conservatively designated as being Non- 
PRR. 


Particle five is of non-spheroidal morphology, 
has a relatively high dead time, has a very high 
peak-to-background ratio, exhibits chemistry 
consistent with being silica sand, and has a 
chemistry that is quite inconsistent with being 
pyrotechnic. Further, samples taken from the cuff 
area of the clothing, well beyond the area of 
likely deposition of PRRPs contain many parti- 
cles of the same chemistry. Accordingly, with a 
high degree of confidence, this particle is identi- 
fied as being of geologic origin. Except for its 
spheroidal shape, particle six is like that of parti- 
cle five. However, geologic particles, that have 
been mobile in the environment for a prolonged 
time, tend to become near spherical in shape. 
Accordingly, with a high degree of confidence, 
this particle is also identified as being of geo- 
logic origin. 


In the case of this example, most of the parti- 
cles cataloged were not PRRPs. As a practical 
matter, during an investigation it would be un- 
usual to bother to document the nature of a high 
percentage of non-PRRPs. Typically, only 
enough of these particles would be analyzed and 
documented such as to reasonably represent the 
range of different non-PRRPs found. Instead, 
most of the time would be devoted to finding 
and analyzing PRRPs. In this way, while a few 
particle assignments may be less than certain, col- 
lectively, conclusions can be drawn with a high 
degree of confidence. 


Conclusion 


The use the SEM / EDS methodology to ana- 
lyze PRRPs in the course of investigating acci- 
dents involving pyrotechnic materials can pro- 
vide information with a degree of sensitiveness 
and specificity that is unavailable with other 
commonly used techniques. Given the wide 
spread availability of SEM / EDS instruments and 
the long history of the successful use of the same 
methodology in GSR analysis, it is somewhat 
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surprising that the technique is not used more 
often in investigating accidents involving pyro- 
technics. Obviously one reason for its infrequent 
use is that most accident investigations would 
benefit little, if any, from the type of information 
that could be developed. However, even for 
those accidents where PRRP analysis would be 
of great benefit, often that analysis is not per- 
formed. After speaking with pyrotechnic re- 
searchers and investigators, the authors have 
conclude the likely reason for its under use is 
simply that many investigators working outside 
of forensics are not sufficiently aware of the 
PRRP analysis methodology and the information 
it can provide. Therein lies the purpose of this 
introductory article, to disseminate some basic 
information about PRRP analysis to the scien- 
tifically oriented pyrotechnic community. To- 
ward this same end, at least two additional arti- 
cles are planned. One article will present much 
more information about the mechanics of speci- 
men production, collection, and their subsequent 
analysis.''*! A second article will further demon- 
strate the nature and utility of the information 
produced by considering a series of investigations 
of actual and staged incidents. 
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Hypotheses Regarding “Star-Shell-Detonations” 
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ABSTRACT 


Fireworks star shells occasionally explode 
upon firing while they are still inside the mortar. 
Most often, this occurs with approximately the 
same level of violence as when the shell ex- 
plodes after having left the mortar, and often 
even relatively weak mortars survive the experi- 
ence intact. While unnerving to the firing crew, 
this represents relatively little hazard for crew 
or spectators. However, on rare occasion, the 
in-mortar star shell explosion achieves a level of 
violence substantially greater than normal. 
These more powerful explosions represent a po- 
tentially life-threatening hazard for both the fir- 
ing crew and spectators. Unfortunately, the 
cause for these more violent explosions has not 
been definitively established, and without know- 
ing the cause, relatively little can be done to 
prevent them from happening. In this article, two 
hypotheses are suggested as possible explana- 
tions for these dangerous malfunctions. Basic 
information and some empirical evidence are 
presented in support of two potential theories. 


Keywords: aerial shell explosion, aerial shell 
malfunction, in-mortar explosion, flowerpot, 
star-shell-detonation, VIME 


Preface 


A large number of explanatory notes are in- 
cluded in this text. These are indicated in the 
text using superscript letters. (Literature refer- 
ences are designated by superscript numerals.) 
Hopefully putting the supporting and supple- 
mental information at the end of the article will 
make the text easier to read by allowing readers 
to skip this information if they wish. 
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Introduction 


Occasionally upon firing, a fireworks aerial 
shell explodes while it is still within the mortar. 
Of course, when the shell in question is a salute 
(maroon), the result is always a powerful explo- 
sion, generally with the potential to fragment 
even a steel mortar. However, for star shells, the 
vast majority of in-mortar explosions produce 
the malfunction generally known in the US as a 
flowerpot. This results in a relatively mild ex- 
plosion with an eruption of the burning contents 
of the shell projected upward from the mouth of 
the mortar. Typically, for small diameter, single- 
break shells the mortar remains intact and pro- 
duces a display appearing much like a fireworks 
star mine. For large diameter, single-break star 
shells, depending on the strength of the mortar,*! 
the display may again appear much like a nor- 
mal star mine. (However, if a relatively weak 
mortar fails to withstand the explosive forces, a 
mortar failure may allow some of the burning 
stars to proceed in directions other than primar- 
ily upward.) 


For star shells, another more malevolent in- 
mortar explosive malfunction may occur, fortu- 
nately only on fairly rare occasions. In this case, 
the power of the explosion is much greater than 
that produced by a flowerpot, and most mortars 
will fail to withstand the explosive force, thus 
potentially producing dangerous mortar frag- 
ments. Traditionally, the accepted term for this 
malfunction is a star-shell-detonation. However, 
it is unlikely such explosions technically are 
detonations in the true high explosive sense. In 
recognition of this, some pyrotechnists are be- 
ginning to refer to this malfunction as a VIME 
(violent in-mortar explosion). In an attempt to be 
more generally correct, that usage has been 
adopted for this article. It is generally believed 
that the reason for the great power of these ex- 
plosions is that most of the pyrotechnic content 
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of the star shell is consumed in a much shorter 
span of time than is the case when the same type 
of shell flowerpots.”! Because the shell’s stars 
are apparently consumed in producing the ex- 
plosion, they are not seen as a display being pro- 
jected from the explosion." 


Some information in the literature“! sug- 
gests that the cause of star shell flowerpots is the 
fairly catastrophic failure of the shell’s casing 
upon firing, due to the reactive forces produced 
by the shell’s rapid acceleration." Unfortunately, 
however, little information suggesting the cause 
of VIMEs has appeared in the literature. There is 
the important suggestion by Brock,!°! based on 
research conducted in the late 19" century, that at 
least one cause for VIMEs was the result of us- 
ing “badly made” (“crumbly”) stars made with a 
chlorate oxidizer. The implication that chlorate- 
based stars can contribute to the cause of VIMEs 
is consistent with much of the speculation re- 
garding their cause even today. Potassium and 
barium chlorate oxidizers decompose exother- 
mally, a property shared with explosives in gen- 
eral.!"! Further, potassium chlorate has been used 
to produce truly detonable explosives in simple 
combination with small percentages of organic 
fuels," 


In contrast to potassium and barium chlorate, 
the decomposition of potassium perchlorate is 
approximately energy neutral, and the decompo- 
sition of potassium, sodium, barium and stron- 
tium nitrate are all substantially endothermic."”! 
Nonetheless, there have been anecdotally re- 
ported VIME incidents thought!*! to have been 
produced by shells containing stars made using 
potassium perchlorate, and still other incidents 
were thought to have involved stars made using 
a nitrate oxidizer with a metal fuel. Accordingly, 
while chlorates may make it somewhat more 
likely that a mild in-mortar explosion (flower- 
pot) may transition into a much more violent 
explosion (VIME), it would seem that the pres- 
ence of a chlorate is not essential. 


Another clue to a possible cause of VIMEs 
was revealed recently during the investigation 
following a serious fireworks accident. During 
the course of testing, the open burning of some 
large comets occasionally produced powerful 
explosions.!'''! These comet stars had previ- 
ously been radiographed to confirm that they 
were composed of a single, substantially solid 
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block of pyrotechnic composition (i.e., they did 
not contain internal explosive elements such as 
might be present in an intentionally exploding 
comet such as a crossette). The explosion of 
these comets while burning completely uncon- 
fined, and in particular the violence of these ex- 
plosions, was quite unexpected. While attempt- 
ing to formulate an explanation for these obser- 
vations, an additional possibility regarding pos- 
sible causes of VIMEs was formulated.!""! 


These two possible causes of VIMEs are pre- 
sented below, along with brief supporting dis- 
cussions. About 10 years ago, the necessary test 
equipment and rough protocol for testing the 
first of these hypotheses were developed; how- 
ever, to date, time constraints and other research 
projects have prevented pursuing this project. In 
addition, current research interests make it 
unlikely that the causes of VIMEs will be stud- 
ied in this laboratory in the near future. Accord- 
ingly, and in the hope that someone else may be 
encouraged to pursue such a study, this article 
was written. 


Weak Star Collapse Hypothesis 


Most commonly, the individual particles in a 
fireworks star composition adhere to one another 
as a result of a binder that has been activated by 
the addition of a suitable solvent.” As a practi- 
cal matter, all fireworks stars contain void spaces 
between the individual grains of the components 
in the mixture." Figure 1 illustrates the porosity 
of two typical fireworks stars. The upper micro- 
graph is of a rolled spherical color star; below 
that is a pressed aluminum comet star. Even 
though the two stars are substantially different in 
both their composition and method of manufac- 
ture, note the grain structure and void spaces 
(dark recesses) in both. 


If something were to happen that would sud- 
denly collapse these void spaces, the gas within 
the spaces would increase in temperature as a 
result of the mostly adiabatic compression."! (This 
is the same process that causes the ignition of the 
fuel in the cylinder of a diesel engine.) If the in- 
crease in void gas temperature were great enough, 
it is possible for this high temperature gas (Jocal 
hot-spot) to cause an ignition of at least some of 
the surrounding pyrotechnic material.™! 


During the collapse of the star, frictional 
forces (shear) could also contribute to thermal 
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Figure 1. Electron micrograph of the internal 
structure of two substantially different firework 
stars. (Upper: rolled color star. Lower: pressed 
aluminum comet star.) 


ignition as the grains of composition grind 
against each other. In addition, the penetration of 
burning gases from the burst charge, as the star 
is collapsing under the extreme pressure, must 
also contribute to the internal ignition of the star 
composition. In that way, the combination of 
adiabatic heating of void gas, plus the frictional 
heating from shear, plus the penetration of burn- 
ing gas, might reasonably produce nearly simul- 
taneous ignition of composition throughout 
much of the volume of the star. 


When a star shell bursts (explodes) normally 
in the air, the peak internal pressure reaches a 
fairly high level before the casing fails and the 
contents are projected outward. However, based 
on the observation that most fireworks stars exit 
a bursting aerial shell in one piece, this peak 
pressure is obviously one that most well-made 


Page 28 


stars successfully withstand without being 
crushed." If, instead, the shell explosion takes 
place within a mortar, the additional confine- 
ment provided by the mortar, must result in sig- 
nificantly greater pressure being produced 
within the exploding star shell. If this greater 
pressure is sufficient to cause the collapse of 
some of the stars in the shell, this might trigger a 
VIME. (This is the combined effect of the adia- 
batic heating of the gas in the pore-spaces, the 
frictional energy of the grains of composition 
grinding against one another, and the penetration 
of burning gases from the shell’s burst charge 
into the interior of the stars.) As a result of the 
essentially simultaneous ignition of the entire 
mass of a few stars, the total pyrotechnic energy 
of those stars might then be released in a matter 
of milliseconds, instead of their normal several- 
second burn time. As a consequence of the addi- 
tional, near instantaneous, release of energy 
from the collapse of a few stars, still greater 
pressures could result, which might then induce 
other stars to collapse, increasing the pressures 
even further, causing still more stars to collapse. 
In such a manner, essentially all of the stars in 
the shell might fail in a small fraction of a sec- 
ond, adding substantially to the power of the ex- 
plosion, thus producing a VIME. 


Weak Star Collapse Discussion 


As explained above and in the notes, there is 
at least a theoretical basis to believe that the 
weak star collapse hypothesis could be one ex- 
planation for VIMEs. Further, the star collapse 
theory is consistent with Brock’s observations 
about “crumbly” stars, along with anecdotal ac- 
counts of non-chlorate stars being capable of 
producing these powerful explosions. In consid- 
ering the likelihood of an in-mortar star shell 
explosion producing a VIME, in addition to 
those things affecting a star’s tendency to col- 
lapse, all of the other factors affecting pyrotech- 
nic ignition and propagation must be considered. 
For example, ignition temperature, friction sen- 
sitiveness, heat of reaction, the degree of accel- 
eration of burn rate with pressure,(™! etc., all are 
expected to play a role in determining whether 
an in-mortar shell explosion will be a flowerpot 
or a VIME. 


With the weak star collapse theory as back- 
ground, a couple of related areas deserve a little 
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more attention. One topic relates to voids. The 
size of voids is important. This is because larger 
voids contain a greater mass of gas, thus offering 
the ability to produce and transfer more heat to 
the surrounding composition and in turn offering 
a greater potential for the internal hot-spot igni- 
tion of the collapsing star.'"! Larger voids also 
offer greater potential for frictional heating and 
ignition upon collapse. This is because, for a star 
with larger void spaces, there will be greater 
internal movement as the star collapses. 


While the size of voids is a prime considera- 
tion, attention must also be directed toward the 
pressure acting to cause the star’s collapse. With 
greater pressure, the amount of adiabatic heat- 
ing, the shear forces, and the extent of penetra- 
tion of burning gas from the burst charge will all 
be greater. Accordingly, smaller voids, under 
greater pressure, should produce similar results. 
In much the same way, the number of voids 
should be relevant, with a large number of voids 
offering a greater combined ability to produce 
and transfer heat. Accordingly, with both the size 
and number of voids as concerns, probably it is 
porosity (the percent void space) that is most 
important. 


For cut stars, probably the amount of water 
present in the composition and the degree of 
consolidation of the loaf (block of moistened 
star composition) collectively play a role in de- 
termining the porosity of the stars. In this case 
excess water and poor consolidation would be 
expected to produce high porosity stars. For 
pressed stars, while the amount of moisture added 
must have an influence on porosity, the loading 
pressure (compacting force) is expected to have 
the greatest effect, with low loading pressure 
producing high porosity stars. 


For rolled stars, the amount of water used 
must be kept fairly low, to keep the stars from 
sticking together during their manufacture. None- 
theless, there is a range of moisture content that 
is possible and that should also result in a range 
of porosities. Further, the degree of consolida- 
tion of rolled stars seems to depend on the 
amount of water being used, the amount of star 
composition added in each layer of the star, and 
the amount of time the stars tumble between ad- 
ditions of composition."*! 


This star collapse hypothesis is based on the 
premise that the cause of VIMEs may be the 
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result of sufficiently weak stars with sufficiently 
great porosity. Accordingly, another topic de- 
serving discussion relates to the structural 
strength of stars. The crush strength of the star 
will depend on both the type and amount of 
binder, as well as the solvent, used. Obviously, 
when too little binder is used, the star will be 
weak as a result of the individual particles not 
being well secured to one another. While the 
strength of the binder is important, and certainly 
not all binders are equally strong, there is little 
useful information in the pyrotechnic literature 
on this subject. Also the nature of the solvent 
used to activate the binder will affect star 
strength. For example, for water-soluble binders, 
sometimes a water and alcohol mixture is used 
to decrease the time needed for star drying. 
However, while drying times are reduced, it is 
suspected that using a water and alcohol mixture 
may result in reduced structural strength of the 
star because of a reduced effectiveness of the 
binder. 


Strong Star Explosion Hypothesis 


Imagine a situation where one has a fairly 
large star that is constructed such that the parti- 
cles adhere to one another with great strength, 
producing a star that is quite hard and structur- 
ally very strong. In addition, assume that the star 
has features that under the right circumstances 
could produce fire paths to its interior. Such fea- 
tures might be the star having marginal perme- 
ability, such that its pore spaces are not suffi- 
ciently well connected to constitute effective fire 
paths to its interior when ignited under the pres- 
sures!! experienced within a normally exploding 
aerial shell (i.e., when the shell is not exploding 
while still within a mortar). In that case, when 
the star is ignited on its exterior surface it will 
burn normally (non-explosively). However, if that 
same star is ignited during an in-mortar shell 
explosion, and if the greater pressures are now 
sufficient to force open the connection of the 
pre-existing void spaces, those void spaces might 
then become effective fire paths leading to the 
interior of the star. In that case, very quickly fire 
will race down the fire paths into the interior of 
the star producing ever increasing internal star 
pressure. Given the great structural strength of 
the star, the resulting internal burning might then 
be sufficient to cause the explosion of the star 
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when the internal pressure finally exceeds the 
structural strength of the star. Further the power 
of the star’s explosion will be greater if the star 
composition is sufficiently fast burning or if it 
has a sufficiently large pressure exponent,” 
such that the gas pressure inside the star rapidly 
accelerates to catastrophic (explosive) levels. 


Strong Star Explosion Discussion 


As explained above and in the notes, there is 
at least a theoretical basis to believe that the 
strong star explosion hypothesis might be an- 
other explanation for VIMEs. Further, this the- 
ory seems to be supported by some of the testing 
performed following a recent accident, wherein 
a number of incredibly violent comet star explo- 
sions were observed to occur during their uncon- 
fined burning.""°! A close examination of the in- 
terior of these comet stars revealed a level of po- 
rosity perhaps sufficient to be consistent with this 
strong star explosion theory. In addition, when 
properly functioning (non-explosive) comets 
were modified by increasing their permeability 
by drilling tiny channels into the center of the 
star, the stars exploded violently upon their un- 
confined ignition. 


If the fire paths within a star such as de- 
scribed above are sufficiently well developed so 
as to allow the powerful explosion of the star 
when burning unconfined at one atmosphere, 
then it would surely do so under the conditions 
of a normal (not-in-the-mortar) shell explosion. 
Thus, it would not require the additional high 
pressures that must occur during an in-mortar 
shell explosion, and it would not seem to be a 
potential explanation of VIMEs. However, if the 
degree of permeability is not sufficient under 
these normal shell explosion pressures but could 
become sufficient during an in-mortar shell ex- 
plosion, then it remains a potentially viable ex- 
planation. There would seem to be at least two 
ways this might happen. 


The first way would be if the connection be- 
tween the pre-existing pores is marginally 
blocked, such as might be caused by a relatively 
thin film of binder at various points along the 
length of the channel, see the upper illustration 
in Figure 2. If that were the case, the pores 
might not function as fire paths under the normal 
shell functioning pressures. However, under the 
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higher in-mortar shell explosion pressures, these 
thin barriers to gas penetration might be breeched 
to then become continuous (fire paths), see the 
lower illustration in Figure 2. If so, these stars 
could behave properly during normal shell ex- 
plosions but might still be the cause of VIMEs. 
Note that this scenario becomes more likely as 
the pressure exponent of the composition in- 
creases towards unity. This is because there 
would be a rapid further increase in pressure 
inside the channels themselves. As a minimum, 
this could act to force even greater penetration 
of fire into the star. Further, in general, the 


Normal Pressure 


[Channel with Blockages] 


Extra High Pressure 


[Channel Forced Open] 


Figure 2. Ilustration of a possible star interior 
that initially (upper) has its pores blocked by 
thin films of binder, but which are forced to 
open (lower) upon exposure to the high 
pressures during an in-mortar shell explosion. 
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higher the pressure exponent, the less pressure is 
required to initiate explosive burning. 


The second way stars might have such a dual 
mode of functioning has to do with the effec- 
tiveness of fire paths as a function of their di- 
ameter. Shimizu reports that the effectiveness of 
fire paths is a maximum for some diameter, but 
decreases to approach a constant value for large 
diameter fire paths,|?! and decreases to zero as 
the diameter of the fire path approaches zero, !'”! 
see Figure 3. Based on general physical princi- 
ples, a developing pressure gradient accelerates 
flame propagation down a fire path. Accordingly, 
consider the case where pores are minimally con- 
nected via tiny paths so narrow that they are in- 
effective as fire paths at the normal shell explo- 
sion pressures. However, the same minimally 
connected pores might serve as effective fire paths 
at the higher in-mortar explosion pressures. Note 
that a similar argument might be made for stars 
that have microscopic cracks in them, perhaps 
produced during drying or curing." 


Effectiveness 


0 Fire Path Diameter 


Figure 3. The effectiveness of fire paths as a 
function of diameter.!"* 


Conclusion 


Fortunately, VIMEs are considerably less 
common than the substantially less explosive 
(and thus less dangerous) flowerpot malfunc- 
tions. Nonetheless, because they can produce 
such powerful explosions, apparently rivaling 
those from salutes and salute containing shells, 
VIMEs continue to be a serious display crew 
and public safety concern. It is hoped that this 
article will provoke further discussion of the 
causes of VIMEs, possibly resulting in research 
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to identify the actual causes of VIMEs."! Once 
the causes are determined, it should be possible 
for manufacturers to eliminate these most hor- 
rific of star shell malfunctions."! 
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Notes 


a) The pressure safety margin for many large 
diameter mortars is less than for small di- 
ameter mortars made of the same material. 
For example, the most commonly used 3-inch 
high density polyethylene (HDPE) mortars, 
firing typical spherical shells, have a pres- 
sure safety margin estimated to be perhaps 
as much as a factor of 16, whereas 12-inch 
(300-mm) HDPE mortars may have a pres- 
sure safety margin of no more than 2.!"! 


b) Power is equal to the amount of energy pro- 
duced during a given time interval. Thus, if 
roughly the same energy is produced, but it 
is produced in a much shorter period of time, 
this corresponds to much greater power. For 
a flowerpot, much of the pyrotechnic energy 
is produced over a number of seconds as the 
stars continue to burn after the explosion. 
For a VIME, while the duration of explosion 
has not been measured, it appears to be on 
the order of no more than a few tens of mil- 
liseconds (and possibly only a very few mil- 
liseconds). Accordingly, if the same total 
amount of pyrotechnic energy is produced 
by both the flowerpot and the VIME, the 
power contributed by the stars in the VIME 
will be on the order of at least 100 times 
greater than that from the stars in a flower- 
pot. (Presumably, the power produced by the 
shell’s burst and lift charges will be mostly 
unchanged.) 


c) While it is generally assumed that all of the 
stars within a shell are consumed during a 
VIME, it is possible that some (many?) of 
the stars are not consumed, but rather are 
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d) 


e) 


g) 


h) 
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“blown blind” (i.e., traveling so fast that 
they are not capable of remaining ignited as 
they leave the area of the explosion)."”! 


Calculations, based on simple physics and 
the measured pressures during the firing of 
aerial shells, indicate that the peak accelera- 
tion of a shell is approximately 1000 times 
the acceleration due to gravity.! Inertial 
forces in response to such high acceleration 
rates, produce large and partially unbalanced 
forces on the casings of aerial shells. These 
forces can produce a more or less complete 
failure of the shell casing. 


The energy produced upon the decomposi- 
tion of potassium and barium chlorate are 
0.34 and 0.38 kJ/g, respectively. The en- 
ergy produced by the explosive decomposi- 
tion of tritnitrotoluene (TNT) is 4.4 kJ/g."! 
Thus the decomposition of these chlorate 
oxidizers, on their own without any fuel, 
produce roughly 10 percent of the energy that 
is produced by a common high explosive. 


The typical formulation of some of these 
chlorate explosives (called “Cheddites”) was 
approximately 9 parts potassium or sodium 
chlorate and | part hydrocarbon (often paraf- 
fin), and they produced detonation velocities 
of approximately 3000 m/s."! 


The reason for including the word “thought” 
is that rarely is one completely certain of the 
actual contents of an aerial shell. For exam- 
ple, often when an aerial shell malfunctions, 
it is not known with certainty what type of 
aerial shell was involved. Further, even 
when it is thought that the type if shell can 
be identified by recalling the identifying la- 
bel, there is no guarantee as to the actual 
contents of the shell. That is to say, it is a 
common experience of those performing 
fireworks displays to find that Chinese shells 
have been incorrectly labeled (e.g., shells la- 
beled as producing one color display are 
found to actually produce some other color 
display). 


The most commonly used binder in the US 
is dextrin. It is present as approximately 5% 
of the star composition and is activated by 
the addition of water. The water dissolves 
the dextrin, which, upon drying, then holds 
together the other ingredient particles in the 


j) 


k) 


composition. However, the first hypothesis 
for VIMEs applies equally well to non- 
aqueous binders and to pressure activated 
plastic flow binders. 


Based on measurements of typical fireworks 
stars, the density of a star may be approxi- 
mately 1.6 g/cm’, whereas its maximum theo- 
retical density (MTD) might be 2.0 g/cm’. 
This means that such a star has about 20% 
void space (porosity). Although not well re- 
ported in the literature, the average percent 
MTD of cut stars is probably the lowest for 
stars made using common manufacturing 
methods; while the MTD of rolled stars is 
somewhat greater. For pressed stars, the per- 
cent MTD probably ranges from as low as 
for cut stars to more than that for rolled 
stars, depending in how forcefully the stars 
are compressed. 


The temperature of a gas heated by adiabatic 
compression is given by 


(7-1) 
na | P, | ly 

2~*1\ /P 
where T is absolute temperature, P is pres- 
sure, Y is the heat capacity ratio for the gas 
(y ~ 1.4 for air), and subscripts 1 and 2 refer 
to the initial and final states, respectively.!'7! 
While this equation is most useful, it is only 
an approximation, in that it assumes the 
process of compression is thermodynami- 
ally severiele and that it is for an ideal 
gas. 


Based on the equation in Note j, compres- 
sion from atmospheric pressure to about 
10 atm is sufficient to raise the temperature 
of air to over 450 °C. While many star com- 
positions would easily be ignited at this tem- 
perature, that is not to say that a small mass 
of gas could transfer sufficient heat to raise 
the much larger mass of surrounding star 
composition to this temperature. However, 
compressions ranging up to 50 to 100 atm 
should be capable of transferring sufficient 
heat to a few tiny particles of star composi- 
tion to cause their ignition. 


One published value for the peak pressure 
inside a hard breaking Japanese style spheri- 
cal aerial shell is approximately 4 MPa!!! 
(about 600 psi). At this pressure, a fireworks 
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star that was a 1-centimeter (about 0.4-inch) 
cube would experience a force of 400N 
(about 100 Ibs) on each surface of the cube. 
Note that this is likely to be somewhat dif- 
ferent from just squeezing a star on its two 
opposing sides with a 400 N force. It seems 
likely that a star pressed equally on all six 
sides at once is likely to be able to withstand 
a somewhat greater force than if that force is 
only applied to its two opposing sides. Con- 
sideration also needs to be given to the ra- 
pidity with which the gas pressure is applied 
and to the permeability of the star. If the 
pressure is increased somewhat gradually, 
over a sufficiently long interval, and the per- 
meability of the star is sufficiently high, the 
externally applied pressure and that within the 
voids will more nearly have a chance to equal- 
ize, and the star is not likely to collapse. 


The burn rate equation (also called the 
Vieille equation) expresses the relationship 
between pyrotechnic burn rate and _ local 
pressure. 


R=AP° 


where R is linear burn rate, P is the pressure 
in the vicinity of the burning surface, and 
typically A and b are approximately constant 
over a moderate range of pressures. (How- 
ever, these “constants” themselves are com- 
monly pressure dependent when considering 
a wide range of burning pressures.) Further, 
if b (the pressure exponent) is sufficiently 
large, the increase in burn rate with pressure 
may easily accelerate to catastrophic (explo- 
sive) levels, even under conditions of mini- 
mal confinement. 


The volume, and thus the mass, of gas in a 
void space is proportional to the cube of the 
effective radius of the void. Whereas the 
mass of composition immediately surround- 
ing the void is proportional to the square of 
its effective radius. Thus the ratio of gas to 
surrounding composition mass increases 
with increasing void size. 


While measurements of rolled star porosity 
were not actually made, the statements about 
those factors affecting the porosity (density) 
of rolled stars is based on the authors’ sig- 
nificant past experience manufacturing rolled 
stars. 


p) 


q) 


r) 


s) 


For large diameter fire paths, the rate of flame 
propagation drops to the rate of propagation 
across a normally exposed surface.!"*! 


Some binders shrink upon setting. For ex- 
ample, based on recollections of work per- 
formed by the authors in the distant past, 
polyester resins typically shrink by about 6% 
upon curing. As a result, upon drying or cur- 
ing, some stars could possibly develop mi- 
croscopic stress cracks. It would seem that 
the production of such stress cracks may be 
more likely to occur for large stars, with 
their larger dimensions and greater aggregate 
shrinkage. Further, for large stars there is a 
greater potential for differential drying to 
occur, wherein the exterior portions of the 
star dry (and shrink) before the center of the 
star dries. Based on more recent star manu- 
facturing experiences of the authors, differ- 
ential drying was observed to occur and did 
act to greatly increase the bum rate of the 
stars. 


It is not intended to imply that the two hy- 
potheses are necessarily mutually exclusive. 
It is possible that both could be occurring to 
some extent at the same time or at different 
stages of the same VIME. Also, it is cer- 
tainly possible that there are other explana- 
tions of VIMEs that have not occurred to the 
authors at this time. 


Experience suggests that fireworks mine ef- 
fects experience VIMEs at least as frequently 
as do star shells. There is little reason to 
think that the mechanisms suggested for star 
shell VIMEs would not also apply to mines. 
On the one hand, the in-mortar pressures 
produced by normally functioning mine ef- 
fects must certainly be less than the pressure 
within star shells functioning inside mortars 
(flowerpots). This fact potentially makes 
mine VIMEs less likely. However, all mines 
function within their mortars, whereas rela- 
tively few star shells flowerpot. This fact 
makes mine VIMEs more likely. The net re- 
sult seems to be that mine and star shell 
VIMEs occur with approximately similar 
frequency. 
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Chlorate Compositions in Quick Match 


K. L. and B. J. Kosanke 


After the 1999 PGI convention, the authors 
were told about a type of quick match that had 
been sold at the convention and which was sus- 
pected of being made using a chlorate oxidizer. 
The individual’s suspicion was based on his per- 
ception of its extremely fast burn rate. Subse- 
quently, a sample of that fuse was spot tested 
and found to contain a nitrate but not a chlorate. 
Sometime later, the authors were given a sample 
of quick match thought to be of the same type. 
The burn rate of the quick match was observed 
to be most vigorous; however, there was not a 
sufficient amount for the authors to make a use- 
fully quantitative measurement of its burn rate. 
Small amounts of the composition were re- 
moved from the black match portion of this fast 
burning quick match, and two tests for the pres- 
ence of chlorate were performed. The first test 
was the concentrated hydrochloric acid test, in 
which a few drops of the acid are placed on the 
composition. The presence of a chlorate is re- 
vealed by a modest rate of chlorine dioxide gas 
production, with its characteristic color and 
odor.''?! The second test was the analine-HCl 
spot test, in which some of the composition is 
dissolved in a tiny amount of water, the water is 
decanted and treated with a drop of analine-HCl 
test reagent."'*! The presence of a chlorate is 
revealed by the appearance of first a red then 
blue color. Again, both test results were negative 
for the presence of a chlorate. Accordingly, an- 
other possible explanation for the vigorous burn 
rate of the quick match was sought. 


The design of the quick match was typical of 
the fuse seen in recent years being used on some 
higher quality products from China. The fuse 
had a series of 5 individual strings, each of 
which was well coated with a pyrotechnic com- 
position that remains noticeably more flexible 
than that of traditional products. These strands 
were laid side by side and surrounded with 
match pipe that was quite flat. This configura- 
tion is illustrated in Figure 1 and identified as 
Recent Chinese. This manner of construction is 
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in contrast to the configuration most commonly 
used in the US (also illustrated in Figure 1 and 
identified as Typical US), in which the collection 
of strings are coated as a group with a Black 
Powder slurry and forming a somewhat rounded 
grouping of the strings. 


Match Composition 


Match Pipe 
Cotton String ; 
Recent Typical 
Chinese US 


Figure 1. Illustration of the configuration of two 
types of quick match. 


One significant difference between the two 
configurations is the total amount of surface area 
of exposed black match composition. For the 
Recent Chinese fuse, the surface area is propor- 
tional to 5tD, where D is the diameter of each 
individual black match strand. Based on meas- 
urements of typical US black match, the overall 
diameter for the group of threads is typically no 
more than about 3D, thus giving a surface area 
proportional to no more than about 3mD. Ac- 
cordingly, the Recent Chinese fuse has nearly 
twice the burning surface area. If it is assumed 
that the compositions are otherwise effectively 
the same in their burning characteristics, the Re- 
cent Chinese fuse will produce nearly twice the 
quantity of flame as does Typical US black 
match. Based on our understanding of the man- 
ner of functioning of quick match,'**! the greater 
volume of flame produced will result in a greater 
initial rate of burning for the quick match. (UI- 
timately, the rate of burning of unobstructed 
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quick match is mostly determined by the 
strength of its match pipe.) 


The Recent Chinese quick match has another 
property that may cause it to appear to be espe- 
cially fierce burning. The method generally used 
to slow the burning of quick match is to close 
the fire path between the black match and the 
match pipe. This is found to work well for the 
Typical US quick match, where the closure of 
the match pipe around the central black match 
can easily be made with a moderately tight wrap 
of string, and which causes approximately a '4- 
second delay.'! On the other hand, when the 
same method is attempted with the Recent Chi- 
nese style of quick match, it will be most diffi- 
cult to get a complete closure of the fire paths. 
This is because small spaces (fire paths) between 
the individual strands of black match will persist 
(see Figure 2), unless the composition on the 
black match strands is sufficiently crushed to 
completely fill the gaps. Accordingly, this type 
of quick match will be quite difficult to slow 
using the normal methods of fire path closure. 
Accordingly, this also probably suggests to users 
that its burning is especially fierce. 


Match Pipe 
String Wrap — 
Fire Paths 


Figure 2. Illustration of the difficulty of closing 
fire paths to slow the burn rate of the Recent 
Chinese quick match. 


Although it is somewhat understandable that 
this Recent Chinese quick match was suspected 
of having been made using a chlorate oxidizer, 
both its high burn rate and the difficulty with 
slowing its burn rate can be explained based on 
its manner of construction. Over the years, the 
authors have tested many suspect samples of 
quick match. However, except for a type of 
quick match used on Horse Brand shells for 
many years (and possibly still today), none of 
the others was found to contain chlorates. (Note 
that is not to say that no quick match ever has 
been or is being made using a chlorate oxidizer, 
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just that we have not found any except for Horse 
Brand shell leaders.) 


Figure 3 is an illustration of one form of the 
Horse Brand fuse found to contain a chlorate 
oxidizer. The quick match shell leader contains 
two fuse elements. One is a somewhat conven- 
tional strand of black match, although it tends to 
be made of a single thicker strand of fairly 
coarse cord and to which the powder coating 
tends to adhere only poorly. This powder coat- 
ing is found to contain no chlorate, but it is 
found to contain sulfur and presumably is hand- 
made Black Powder. (In some cases, especially 
on larger shells, this quick match has two strands 
of black match.) The second fuse element is a 
single (but sometimes double) strand of so- 
called Chinese fuse, made with a powder core 
wrapped in tissue paper, which is similar to the 
type of fuse typically used on small firecrackers. 
It is in this Chinese fuse that the chlorate oxi- 
dizer is found to be present. 


Chinese Fuse 
Match Pipe 
Match Composition 


Heavy Cord 


Figure 3. Example of one type of Horse Brand 
quick match shell leader found to contain a 
chlorate oxidizer. 


The problem with the presence of chlorate in 
one element of this Horse Brand fuse is exacer- 
bated by the presence of sulfur in the other ele- 
ment. When this fuse is cut or the Chinese fuse 
becomes sufficiently damaged through handling, 
there will be a commingling of the chlorate and 
sulfur compositions, with all the sensitiveness 
problems that are known to result.'”*! (For ex- 
ample, in some recent testing of the impact sen- 
sitiveness of these Horse Brand fuse composi- 
tions, the combination of the two compositions 
was found to be 2.5 times as sensitive as the 
rough Black Powder composition alone.) Over 
the years, there have been a number of serious 
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accidents thought to have been caused by this 
fuse. 
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Faversham’s Gunpowder Mills 


B. J. and K. L. Kosanke 


Recently, while in the United Kingdom and 
between teaching pyro-chemistry short courses, 
we took a side trip to visit the restored Chart gun- 
powder mill. This is the only restored mill from 
what was once a collection of approximately ten 
powder mills near the town of Faversham in Kent 
county. When operating at their peak in 1792, 
these mills produced over 25,000 barrels of 
powder. 


The first of the Faversham powder mills was 
established near the head of Faversham Creek 
sometime in the 1500s. The number of mills in 
Faversham increased over the years because of a 
combination of favorable factors. Faversham 
was already an established coastal port, located 
at the head of its tidal creek. This allowed rela- 
tively easy access to the imported components of 
the powder; sulfur from Italy and Sicily and po- 
tassium nitrate from Italy and India. Because 
Faversham Creek is a tributary of the Thames, 
this location also provided for the safe delivery 


of the completed powder, via a water route, to 
the Royal Arsenals in London. Faversham had 
an ample supply of water power and the local 
terrain was reasonably flat to facilitate the con- 
struction of the diversion channels, ponds, sluices 
and their control mechanisms needed to deliver a 
reliable supply of water to the mills’ water wheels. 
Finally, there was a local forest to provide suit- 
able wood for making charcoal and to provide a 
level of blast protection to nearby structures. 


The general design of the incorporation mills 
was all somewhat similar. Most commonly, there 
was a central water wheel, to which water was 
delivered from below. The water wheel fed power 
via an arrangement of overhead gears to two edge- 
runner incorporation mills, one on each side of 
the central water wheel, thus tending to balance 
the load and resulting forces. A fairly typical 
arrangement is illustrated in Figure 1, where the 
water wheels (W), incorporation mills (I), water 
flow control structures (C), and blast walls (B) 


——> 


Water 


Figure 1. An illustration of a somewhat common layout of incorporation mills, where the W’s are the 
central water wheels (fed from below), the I’s are the individual incorporation mills, the B’s are heavy 
stone blast walls, and the C’s are water flow control structures. 
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Figure 2. A detailed illustration of the mechanics of the reconstructed Chart incorporation mill in 
Faversham, England. (Each large scale unit to the left in the drawing is one meter.) 


are shown. (Note that in some designs, blast 
walls were also located on either side of each 
central water wheel.) The wooden buildings of 
the mills then extended between the heavy stone 
blast walls. 


A more detailed view of a water wheel, the 
overhead arrangement of gears and one incorpo- 
ration mill with its pair of mill wheels is shown 
in Figure 2. The edge-runner mill wheels are 
suspended slightly above the lower surface of 
the mill (a heavy iron pan) with the load of 
powder caught and worked in the narrow space 
between the wheels and the pan. The wheels are 
mounted slightly asymmetric with respect to the 
angles with which their individual central shafts 
(horizontal) meet the main vertical shaft of the 
incorporation mill. This arrangement forces the 
charge of powder slightly toward the outside 
edge of the mill with each pass of the wheels. 
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The powder is continually brought back under 
the mill wheels using wooden plows (not well 
illustrated in Figure 2). The overall action of the 
milling is a combination of particle size reduc- 
tion and intimate mixing (i.e., incorporation) of 
the dampened powder. 


Although impressive, the incorporation mills 
are only a small part of the powder manufacturing 
operation. To begin with the raw materials must 
be prepared. In the 18" century, the raw potassium 
nitrate needed refining through recrystalization; 
however, eventually the purity of the material 
supplied improved to the point where it could be 
used just as it came from the refineries. The 
needed charcoal was manufactured on site, using 
the normal destructive distillation process. Also, 
the raw sulfur was refined on site in a distillation 
process. 
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The charcoal and refined sulfur 
were first milled together, and then 
combined with the refined potas- 
sium nitrate. This green powder was 
moistened and charged into the edge 
runner mills. The process of incor- 
poration took two hours for blast- 
ing powder and eight hours for the 
finer sporting powders, during 
which time the moisture content was 
maintained between approximately 
one and six percent, depending on 
the stage of the processing and the 
type of powder being produced. 
Following this milling, the mill cake 
(more commonly called wheel cake 
in the US) was removed using 
wooden implements and placed in 
trays to form layers of powder, 
which were then pressed to higher 
density using a mechanical press. 
The resulting press cake was then 
broken into the near final granula- 
tions in a process called corning, 


ADVEBTISEMENTS. 463 


GUNPOWDER. 


EACH FLASK THUS LABELLED. 


Messrs. JOHN HALL & SON 


EG respectfully to direct the attention of Sportsmen to the varied and well-known 

Brands of their manufacture, which, with the traditions and experience of very 

many years, are yet constantly adapted to the enlarged development of practical science 
in Guns. 


Their familiar SPECIALITIES—the “RIFLE,” ‘'GLASS,"' and " 
STRONG " POWDERS, in all Sizes of Grains (from Nos. 1—8)—will be toe 
of their fame: while the Brand recently introduced with so much success—* FIELD B.”* 
—specially prepared for Choke-bore Guns, and giving admirable resulta in competitive 
Matches, brings up Black Gunpowder to its highest present excellence, and insures those 
trustworthy and calculable results which can be obtained by no other form of explosive. 

Messrs. HALL’S GUNPOWDER may be obtained of all Gunmakers 
and Dealers; and Sportsmen who do not fill their own Cartridges will 
do well to insist that the Powder of their choice is used in the car- 
tridges they buy. 

N.B.—Sportsmen in India and the Colonies are urgently solicited to see that they are 
supplied with the highest class of Sporting Powder, and not to be satisfied with the lower 
qualities largely in demand for ordinary commercial purposes, which, while of excellent 


proportionate quality, differ widely from the ammunition on the use of which a man may 
safely stake his reputation, and, as has often happened, his life. 


All Messrs. HALL’S Best Sporting Powder sent to India now 


wherein the powder was passed 
between a pairs of wooden rollers 
with a gap between them. Follow- 
ing the corning process the powder 
was dried in a chamber heated by 


the backside of an iron fireplace. TRADE 


The next process was glazing. Prior 
to the 1800s, glazing merely con- 
sisted of tumbling the powder to 
remove its sharp edges and to have 
some of the dust being produced 
pack into exposed pores in the 
powder. Later glazing often in- 
cluded the use of graphite to lightly 
coat the powder grains, making the 


bears this additional Trade Mark. 


MARK. 


MILLS :—FAVERSHAM, KENT; LOCHFYNE, ARGYLLSHIRE. 


Established by Queen Elizabeth A.D. 1565. 


Office: 79, Cannon Street. London, E.C. 


Figure 3. An example of an advertisement of Black (gun) Powder 


powder flow more freely and also _ from one of the oldest mills at Faversham. 


providing a greater degree of mois- 

ture protection for the powder. The 

final process before packaging was the sieving 
of the powder into the various granulations. (It 
might be of interest to note that the largest num- 
ber of employees in the mills were not used in 
making powder, but rather they worked in the 
cooperage, making the barrels into which the 
powder was loaded for shipment.) 


During the period from the construction of 
the first mill at Faversham in the 1500s until 
1759, all of the mills at Faversham were oper- 
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ated by private manufacturers. (See the adver- 
tisement included as Figure 3.) In 1759 the Brit- 
ish government ceased relying on the private 
sector for its supply of powder and acquired all 
of the Faversham mills. In the half century 
thereafter, the government acquired much of the 
country’s remaining private powder mills. Based 
on accounts of fatalities in the country’s gun- 
powder industry, this would seem to have been a 
good thing. During the period of government 
acquisition, the annual number of fatalities in the 
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gunpowder industry decreased from approxi- 
mately 43 to 7 per year. While the greatest num- 
ber of accidents occurred in the incorporation 
mills, the most serious accidents and the greatest 
loss of life occurred in the pressing and corning 
operations. 


The authors gratefully acknowledge the Fav- 
ersham Society for supplying some of the infor- 


mation for this article and for granting permis- 
sion to reproduce the figures in this article. In 
addition, a large amount of the information in 
the article has come from the booklet, The Gun- 
powder Industry, by Glenys Crocker, Shire Pub- 
lications, 1991. 
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Floating Dud Aerial Shells 


K. L. and B. J. Kosanke 


Introduction 


Over the past 25 years, the percentage of 
spherical aerial shells that fall to the ground as 
duds after firing has substantially decreased. 
(This is especially true for shells from China.) 
Obviously this is a good thing, and it is a result 
of such things as improvements in the quality of 
the time fuses being used and the methods of 
their priming, and because of the near universal 
adoption of redundant fusing techniques."’! 
However, the improvement has not been so great 
as to reduce the percentage of dud shells to zero. 
Nonetheless, the reduction in the number of dud 
shells, in conjunction with the use of substan- 
tially increased separation distances introduced 
approximately 15 years ago,'”! combine to afford 
a high level of spectator protection from dud 
shells during typical displays.°“! Further, the 
increased attention to dud searches both imme- 
diately following and at first light on the morn- 
ing after land-based displays has mostly elimi- 
nated accidents resulting from dud shells left 
behind to be found by children. 


With the reduction in the number of dud 
shells and the virtual absence of accidents from 
unrecovered dud shells from displays fired over 
water, it is appropriate to ask why a study of 
floating dud shells was undertaken. In part the 
answer is that: nearly all dud shells do float for a 
period of time after landing in water; dud 
searches are essentially never done for displays 
fired over water; most dud shells are virtually 
impossible to find in water at night, and by the 
next morning they will have drifted some dis- 
tance from where they fell; and even after a shell 
eventually sinks, its pyrotechnic contents will 
generally remain viable or will become viable 
again after minimal drying. Thus, in part the an- 
swer is that there is potential for a serious acci- 
dent resulting from unrecovered dud shells from 
displays fired over water, and it is hoped that 
this study and article will raise awareness of this 
potential. 
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However, it must be acknowledged that a 
significant impetus for this study was simple 
curiosity. It was of interest to determine, for 
typical non-plastic spherical aerial shells: the 
percentage of shells that initially float; for those 
floating shells, how much of their volume re- 
mains above the water’s surface and how long 
before they eventually sink; and even after sink- 
ing, how likely is it that their contents have re- 
mained pyrotechnically viable? According, a 
brief study was undertaken in an attempt to sat- 
isfy this curiosity. 


Results 


A collection of 26 aerial shells (3 inch 
through 6 inch) were devoted to this study, none 
of which had a plastic casing. Of these 26 shells, 
only one sank immediately (i.e., was initially 
more dense than water). For those shells that 
initially floated, the percentage of each shell’s 
volume above water was determined by compar- 
ing its volume, as calculated by its average di- 
ameter, with its measured mass. The result was 
that the 25 shells floated with | to 34 percent of 
their volume above the water’s surface. The av- 
erage volume above water was 17 percent, with 
a one-sigma standard deviation of 10 percentage 
points. Accordingly, with relatively little of the 
shells’ volume above the water, such floating 
shells will be difficult to spot, even in com- 
pletely calm water. 


The first group of 19 shells to be tested had 
their time fuses intact, as though their time fuses 
had failed to ignite when the shells were fired, or 
had only burned for a short portion of their 
length before extinguishing. These shells were 
placed in water in an environmental chamber 
held at 70 °F, a temperature thought to be rea- 
sonably representative of northern lakes in early 
to mid summer. In this study, for the most part, 
the shells were not agitated during the period of 
their floating, contrary to what would typically 
occur because of wave action on real bodies of 
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Number of Shells Floating 
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Figure 1. Number of shells floating as time progressed. (Note that time is plotted using a logarithmic 


scale.) 


water. However, at the time of each shell inspec- 
tion, each floating shell was momentarily sub- 
merged a few times using simple hand pressure. 
For the most part this bobbing of the shells was 
to confirm that they were still freely floating, but 
it was also done to introduce a minimal amount 
of agitation. It must be expected that the near 
total lack of agitation slowed the process leading 
to the shells’ sinking. Further, for these tests, the 
total volume of water used was approximately 4 
times that of the shells being tested. Although 
not as significant as the lack of agitation, this too 
must have slowed the process of sinking, be- 
cause of a slightly reduced rate of glue dissolu- 
tion. Finally, the relative humidity in the cham- 
ber was 100 percent. This, combined with the 
occasional dunking of the shells, possibly has- 
tened their sinking slightly. While it is unfortu- 
nate that the conditions in this study were not 
those for shells actually floating in large bodies 
of water, this was mostly necessitated for practi- 
cal reasons. Nonetheless, the results from this 
study still provide a useful approximation of 
typical shell float times, albeit somewhat of an 
upper limit. 
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The float times found for these test shells, 
under the conditions of this study, are presented 
in Figure 1 (solid dots). However, since the 
shells were not being monitored continuously, 
the precise times of their sinking are not known. 
The times reported in Figure 1 are for the mid- 
point between pairs of observations. Accord- 
ingly, when 18 shells were found to be floating 
one hour into the test, but only 17 were floating 
at two hours, the sinking was reported as hap- 
pening at 1.5 hours into the test. Also in Fig- 
ure 1, as a matter of convenience, the number of 
shells at the start of the test is plotted as an open 
dot at a time of one hour (10°), even though one 
shell sank immediately. During the first couple 
of days of the testing, the number of floating 
shells decreases logarithmically. Also note that 
approximately 10 percent of the shells never did 
sink, even after 48 days at which time the test 
was ended. 


In general, the shells that sank within the first 
day or two, more-or-less came totally apart, with 
the pasted wraps coming completely free from 
the inner hemispherical casing. Those shells that 
floated longer, for at least a couple of days, gen- 
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erally stayed mostly intact and seemed to have 
sunk because of moisture penetrating to their 
interior and accumulating there. A few of these 
shells appeared to have been coated with a water 
resistant coating, but most seemed to have been 
made using a somewhat water resistant adhesive 
for the pasted wraps. 


Not shown in Figure | is the fact that one 
shell, which sank approximately 500 hours into 
the test, surfaced again within approximately 
another 100 hours. The resurfacing of the shell 
seemed to be fairly obviously the result of gas 
production within the shell as evidenced by the 
appearance of tiny bubbles. Also the two shells 
that never did sink appeared to be producing gas 
internally. For several of the floating and sunken 
aerial shells, gas production seemed to be the 
result of biologic activity, presumably from bac- 
terial growth within the paste wraps of the shell. 
While not confirmed, this is consistent with pre- 
vious electron microscope observations of what 
appeared to be several forms of microbial enti- 
ties, frequently seen associated with the paste on 
completed aerial shells. In other cases, gas pro- 
duction seemed to be the result of water reac- 
tions with metal fuels in the stars of the shells. 


A second smaller set of 7 aerial shells was 
also tested. These shells had the powder core of 
their time fuses carefully drilled out, in an at- 
tempt to simulate dud shells for which their time 
fuses had burned completely, but the fuse had 
failed to successfully ignite the contents of the 
shell. Other than the drilling of their time fuses, 
the remaining test conditions were not changed 
from those reported above. The results of this 
second test are also reported in Figure 1, this 
time as solid triangular points. As expected, 
these shells seemed to sink at a faster rate than 
those with intact time fuses. However, because 
the number of shells tested was rather small, 
how much faster the sinking would typically 
occur it is not clear. Nonetheless, one clear re- 
sult is that, as for the first series of tests, some 
shells must still be expected to float for extended 
periods of time. 


The condition of the pyrotechnic content of 
several shells was inspected after their sinking, 
and the contents were tested for viability. The 
inspections took place anywhere from a few 
hours to 4 days after the shell’s sinking. In es- 
sentially all cases, the contents remained pyro- 
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technically viable, either immediately or after a 
relatively short interval of drying. The viability 
test consisted of attempting to ignite the stars or 
break charge with a propane torch. In a few 
cases, the contents were readily ignitable (ig- 
nited after less than one second of exposure to 
the flame). In other cases the contents failed to 
ignite within a second but ignited within a few 
seconds. Even when the contents would not ini- 
tially ignite, they returned to a viable state after 
a day of air drying. The above observations were 
for stars were made using a_ water-soluble 
binder. In a few cases, it appeared that the stars 
had been made using a nonaqueous binder. Of 
course, the viability of these stars was not sig- 
nificantly affected by their exposure to moisture. 


Conclusion 


Thankfully, it cannot be said that the failure 
to search for and retrieve dud shells from fire- 
works displays fired over water, represents a 
major safety problem. Because so little of the 
shells remain above water, it cannot be seriously 
argued that a nighttime marine search is likely to 
find many (any?) dud shells. Further, those dud 
shells that do not sink overnight are likely to be 
relocated some distance from the fallout area of 
the display as a result of wind and water cur- 
rents. Thus, a first light search the morning after 
a display is also not likely to find many (any?) 
dud shells in the fallout area. Nonetheless, be- 
cause there is potential for a problem with non- 
sinking dud shells, it is difficult to argue that 
absolutely nothing should be done. 


One possibility, at least for non-river fired 
displays, is to search the shoreline in the down- 
wind direction on the morning after the display. 
(For ocean-fired displays, consideration will 
need to be given to the direction of any along 
shore currents.) At least, such a search could be 
performed fairly quickly, because any dud shells 
will tend to be concentrated immediately along 
the shore and because of the relatively limited 
length of shore line needing inspection. For 
river-fired displays, there seems to be little that 
might be done to locate floating duds. However, 
one potential solution for any over-water display 
would be to only use shells that can be expected 
to sink well before dawn. Accordingly, any 
shells with a painted or varnished exterior would 
not be suitable. Further, shells that are pasted 
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fragments from their exploded casings) by soak- 3) K. L. and B. J. Kosanke, “Dud Shell Haz- 
ing them in water for a few hours and observing afd Awsecaente NEPA Distanses’< Pave: 


tieresult, works Business, No. 179, 1998; also in Se- 
lected Pyrotechnic Publications of K. L. 
References and B. J. Kosanke, Part 5(1998 through 


2000), Journal of Pyrotechnics, 2002. 
1) K. L. and B. J. Kosanke, “Reduction of ’ 
Shell Ignition Failures”, American Fire- 4) K. L. and B. J. Kosanke, “Dud Shell Haz- 


Works News Nocka: 1088 alan in Sclecied ard Assessment: Mortar Placement”, Fire- 
Dibieatons of K. L. weap Rashes works Business, No. 180, 1999; also in Se- 


Part 1 (1981 through 1989), Journal of Py- lected Pyrotechnic Publications of K. L. 
etsclntes: 1096. and B. J. Kosanke, Part 5(1998 through 


2000), Journal of Pyrotechnics, 2002. 
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Study of the Effect of Leg Wire Attachment on the 
Burst Height of Aerial Shells 


K. L. Kosanke 
PyroLabs, Inc., 1775 Blair Road, Whitewater, CO, USA 


and 
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ABSTRACT 


In many electrically discharged fireworks 
displays, it is a common practice to securely 
attach the electric match leg wires to both the 
aerial shell and to the firing mortar or mortar 
rack, When this is the case, it is necessary for 
the aerial shell to sever the attachment to the 
mortar or rack upon the firing of the shell. Usu- 
ally this is accomplished by severing (tearing) 
the leg wires themselves. In this process, some of 
the kinetic energy of the shell is consumed, re- 
sulting in a reduction in the burst height that 
would otherwise have been achieved. This re- 
duction in burst height will be greatest for those 
shells possessing the least kinetic energy (i.e., 
the smallest and lightest of the aerial shells). 
While experience has shown that the amount of 
reduction in burst height apparently does not 
present a significant safety hazard, the question 
remains as to how much reduction actually re- 
sults. In a brief study of this question, it was 
concluded that for even the smallest and lightest 
aerial shells commonly used in displays (75 mm 
with a mass of 90g) the reduction in burst 
height is on the order of 12%, and this decreases 
to about 1% for mid-sized aerial shells (150 mm 
with a mass of 1.1 kg). 


Introduction 


After loading fireworks aerial shells into 
their mortars for firing electrically, it is a com- 
mon practice to firmly secure the electric match 
leg wires to the rack or mortar (a process often 
called short wiring). One purpose of this is to 
prevent the leg wires attached to one shell, from 
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dislodging the leg wires attached to other shells, 
when the first aerial shell is fired. Further, to 
achieve a high degree of aerial shell burst time 
precision,""! electric matches are often installed 
either into the quick match at a point close to 
where it enters the lift charge or directly into the 
lift charge itself. When this is done, it is com- 
mon for the electric match leg wires to be se- 
curely attached to the aerial shell itself. 


In those instances where solid leg wire at- 
tachments have been made to both the rack and 
the shell, it is necessary for the aerial shell to 
break the leg wire tether upon firing. Often this 
is accomplished by a breaking (tearing) of the 
leg wires themselves, a process that must reduce 
the shell’s upward velocity and thus the height 
achieved by the aerial shell. 


From time to time, pyrotechnists have pon- 
dered the extent of that burst height reduction. 
Obviously, the effect will be the greatest for 
small spherical shells that have lower amounts 
of kinetic energy. However, even for the small- 
est commonly fired spherical aerial shells 
(75 mm or 3 in.), common experience has shown 
that the reduction in height is not so great that it 
represents a substantial safety risk from low 
breaking shells. Nonetheless, the question re- 
mains as to the amount of reduction that occurs. 
Toward satisfying such curiosity, a brief study 
was conducted to determine the reduction in the 
height achieved by small caliber (75-mm or 3- 
in.) aerial shells that had to sever their electric 
match leg wires upon exiting the mortar after 
firing. 
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Table 1. Results from Time of Flight Measurements for Test Aerial Shells. 


Muzzle Approx. Height Reached” 
Error”) || Velocity’* | 1400 m (4600 ft) | 300 m 1000 ft 
Flight (s) (s) 


Leg Wire |Average 
Attachment | Time of 
Method 


3 sec.” 
m/s (ft/s) m (ft) m (ft) m__ (ft) 
113.4 (372) | 107.6 (353) 
98.8 (324) | 95.1 (312) 
12.5 (41) 


122.6 (402) 
9.38 106.4 (349) 


16.2 (53) 14.6 (48) 


a) The standard deviation was determined using the m — 1 method. 


b) The standard error was reported as the standard deviation divided by the square root of the number of meas- 
urements. 


c) The muzzle velocity was calculated to be that needed to produce the observed flight time for the test shells 
fired at 1400 m (4600 ft) above sea level, which is the elevation of the test facility being used. 


d) More significant figures are being carried than might be justifiable. While it is thought that the relative accu- 
racy of these data is fairly good (probably to within a percent or two), the absolute accuracy is not as good 
(perhaps no better than about 10 percent). 


e) The approximate shell height attainable at the elevation above sea level indicated, assuming shell does not 
burst prior to that. 


f) The approximate shell height attained after 3 seconds of flight at 300 m (1000 ft) above sea level. 
g) The attachment of the leg wires was sufficiently strong to cause them to tear, as was confirmed by inspection 


after each firing. 


Experimental 


Typically, even for just one size aerial shell, 
there is a considerable range in shell characteris- 
tics (lift charge type and amount, shell diameter 
and mass, etc.). As a result, upon their firing, 
shells possess a considerable range of kinetic 
energy. The test shells used in this study had 
characteristics chosen to be representative of 75- 
mm (3-in.) aerial shells producing only rela- 
tively modest kinetic energy (such that they 
would be more greatly affected by having to 
sever their leg wire attachments). 


The test shells used in this study were all 75- 
mm (3-in.) inert spherical plastic shells with an 
actual diameter of 66 mm (2.62 in.) and weigh- 
ing 90 g (3.2 ounces). Each lift charge contained 
14 g (0.5 ounce) of Goex”! 4FA Black Powder 
and was ignited using a Daveyfire! SA2000 
A/N 28 B electric match inserted into the ap- 
proximate center of the lift charge. 


For one collection of 16 aerial shells, the 
electric match leg wires were firmly attached to 
the body of the shell; for a second collection of 
16 shells, the leg wires were not attached to the 
shell. In both cases, the other ends of the electric 
match leg wires were firmly attached to the mor- 
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tar rack. (The attachments to shell and rack were 
sufficiently strong to cause the leg wires to tear 
upon firing the shell, as was confirmed by in- 
spection after each firing.) For each test, the to- 
tal flight time, from firing the shell to its even- 
tual return to the ground, was measured by two 
observers using stopwatches and was recorded 
as the average of the two measurements. How- 
ever, of these 32 firings, only 29 flight times 
were properly recorded (14 with leg wires free 
of the shells and 15 with wires attached to the 
shells). The averaged results from the test firings 
are reported in the first four columns of Table 1. 


Results 


After incorporating the parameters of the 
tests into an aerial shell ballistics model,"“! the 
computer model was used to convert the meas- 
ured average flight times into the shell muzzle 
velocities that would be needed to produce those 
flight times. The computer model also produced 
maximum shell heights expected to be reached 
by those shells. (Note that the general accuracy 
of the computer model had previously been veri- 
fied by comparisons between its predictions and 
actual test shell firings.) These muzzle velocities 
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Table 2. Expected Reduction in Burst Height for Typical Aerial Shells. 


Muzzle Velocity | Shell Weight | Shell Diameter | Burst Height 
Spherical Aerial Shell = or kg ( — mm (in) Reduction (%) 
12 


75 mm (3 in.), Modest Energy 


7s mm oe In. ; EPICA snap ne 


100 mm 


TYPO 2 ..0:38.(0.8)_. ed 


150 mm (6 iy Typical 
(a) See Table 1. 


and maximum shell heights are presented in col- 
umns five and six of Table 1. 


When the two sets of data were compared, 
the model predicted a reduction of approximately 
11.9 m/s (39 ft/s) in the muzzle velocity for 
those shells that had to break their electric match 
leg wires. Further, this corresponded to a reduc- 
tion of approximately 16.2 m (53 ft) in the maxi- 
mum height reached by those test shells that had 
to break their electric match leg wires. In this case, 
the firmly attached shells were predicted to have 
reached only approximately 106.4 m (349 ft) on 
average, aS compared with the shells that flew 
freely to have reached approximately 122.6 m 
(402 ft). 


It must be considered that this testing took 
place in western Colorado at an elevation of ap- 
proximately 1400 m (4600 ft) above sea level. 
Accordingly, the computer ballistics model was 
used to convert the shell height predictions to 
their corresponding values for an elevation of 
300 m (1000 ft) above sea level (assumed to be a 
reasonable average for most display sites). This 
reduced the calculated maximum heights to ap- 
proximately 98.8 and 113.4 m (312 and 353 ft) 
for the shells with attached and unattached leg 
wires, respectively. 


Finally, it must be considered that typical 75- 
mm (3-in.) fireworks aerial shells burst ap- 
proximately three seconds after their firing, 
which is typically before the shells will have 
reached their maximum achievable height. Ac- 
cordingly, by consulting the time record of the 
ballistics model, it was determined that on aver- 
age the shell height upon bursting will be 95.1 
and 107.6 m (324 and 372 ft), respectively for 
shells (fired at 300 m above sea level) with at- 
tached and unattached leg wires, respectively. 
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This corresponds to an approximate 12 percent 
reduction in burst height for these (modest ki- 
netic energy) 75-mm (3-in.) aerial shells that 
must break their electric match leg wires upon 
being fired from their mortars. 


If it can be assumed that the results reported 
above are reasonably correct and that the energy 
consumed by more massive aerial shells break- 
ing free is the same as for the test shells, then 
some additional inferences can be drawn. The 
first four columns of Table 2 present the salient 
parameters for “typical” 75-mm (3-in.) to 150-mm 
(6-in.) aerial shells. Reported measurements of 
aerial shell muzzle velocities typically range from 
approximately 75 to 110 m/s (250 to 350 ft/s), 
mostly independent of shell size. Accordingly, for 
this study, muzzle velocities of 92 m/s (300 ft/s) 
are assumed for the variously-sized shells. Shell 
weights and diameters are those the authors have 
used in previous studies; they are based on a 
series of measurements of a wide range of dis- 
play shells made in the mid 1980s, and the val- 
ues are assumed to still be typical of shells pro- 
duced today. Using these input parameters, the 
ballistics modeling code was used to predict the 
heights of the typical attached and unattached 
aerial shells. The burst height reductions are pre- 
sented in the last column of Table 2 and are 
rounded to the nearest percent. 


Conclusion 


The ballistics model used in these calcula- 
tions has been tested and found to accurately 
reproduce the results of field trials. However, to 
obtain the greatest accuracy in its calculations, 
one must adjust for actual air density at the time 
of the shell firings and also fine tune the drag 
coefficients of the shells. This was not done for 
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the calculations in this article. Accordingly, 
while the relative accuracy of the calculations 
should be quite good, the absolute accuracy may 
be considerably less. For example, when calcu- 
lating the difference between pairs of predicted 
shell heights differing only because of a small 
change in muzzle velocity, the results are proba- 
bly accurate to within a meter; whereas, when 
considering any one predicted shell height alone, 
the results may be no more accurate than per- 
haps ten meters. Considering the wide range of 
actual shell parameters and firing conditions, the 
uncertainties the in the shell heights reported in 
Table 2 must be small by comparison. 


The reduction of burst height, for modest ki- 
netic energy 75-mm (3-in.) spherical aerial shells 
when they must break free of their leg wire at- 
tachment (=12%), is only minimally significant. 
The reduction for normal energy 75-mm (3-in.) 
shells (7%) is mostly insignificant, and that of 
larger shells (<3%) is completely insignificant. 
Accordingly, the results reported in this article 
are consistent with the empirical observation 
that the reduction in aerial shell burst height, as 
a result of shells having to break free of their leg 
wire attachment, does not represent a safety 


problem for typical 75-mm (3-in.) and larger 
aerial shells. 
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ABSTRACT 


It had been speculated that the replacement 
of fierce burning quick match shell leaders with 
electric matches might have contributed to the 
production of a significant number of low break- 
ing aerial shells experienced by a small fire- 
works display company. A preliminary study of 
the effect of ignition stimulus level did not sup- 
porting the theory that the weaker stimulus pro- 
vided by electric matches (possibly in conjunc- 
tion with Chinese lift powder) was the reason for 
the low breaking shells. However, that study was 
thought not to be sufficiently conclusive to com- 
pletely settle the question. Accordingly, a more 
extensive series of tests were subsequently per- 
formed. For these tests, because of the lack of 
sufficient Chinese lift powder, Goex (USA) Black 
Powder was used. The result of these tests was 
that again no effect was observed for the flight 
times of the test aerial shells. The average flight 
times for groups of approximately 30 of the 75- 
mm (3-in.) test shells was 9.65 + 0.13 seconds 
and 9.58 + 0.17 seconds for shells using quick 
match and electric match firing, respectively. 


Introduction 


A few years ago, a small fireworks display 
company was experiencing what they thought to 
be an unusually large number of low breaking 
aerial shells (a few percent). These shells ap- 
peared to be breaking low because of being 
weakly propelled from their mortars. The shells 
were of Chinese manufacture but were of mod- 
erate to high quality (Jumping Jack, Thunder- 
bird, and Sunny). The fierce-burning quick 
match on these shells had been removed and 
electric matches inserted into their lift charges. 
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Obviously, one possible reason for the low 
breaking shells was a deficiency in their Black 
Powder lift charges (e.g., the amount or its qual- 
ity). However, a few displays had been per- 
formed in which the shell leaders had not been 
removed, and on which the number of low 
breaking shells seemed to be significantly less. 
Accordingly, this lead to speculation about other 
possible causes for the low breaks when using 
electric matches. Foremost among the possibili- 
ties was the lower level of ignition stimulus 
thought to be provided by the electric matches in 
comparison with the strong jet of fire produced 
by the burning quick match shell leaders. 


A preliminary study of the possible effect of 
ignition stimulus on lift powder performance 
was conducted previously.""! First, the relative 
performance of the lift powders from the suspect 
shells was tested in an apparatus specially built 
for such testing.”! These lift powders were found 
to produce muzzle velocities approximately two- 
thirds that of the same granulations of Goex"! 
powders. Following this, a series of nine test 
shell firings were conducted, three using each of 
three levels of ignition stimulus: that produced 
by a hot wire igniter, that provided by an electric 
match (Daveyfire'’! SA-2000, A/N 28 B), and 
that from a shell leader taken from one of the 
suspect Chinese shells (Jumping Jack, Thunder- 
bird, and Sunny). So that the test shells would be 
as near to identical as possible, inert spherical 
plastic shells were prepared, each measuring 
67 mm (2.62 in.) in diameter, weighing 130 g, 
and each using the same amount and type of lift 
powder as used by the three manufacturers of 
the suspect Chinese shells. In that preliminary 
study, the flight times of the shells, peak mortar 
pressures, and pressure impulses produced dur- 
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ing firing were determined.' While no signifi- 
cant differences in lift performance as a function 
of ignition stimulus was observed, the number of 
test firings was not felt to be sufficient to be 
completely definitive. This current article is a 
report of a follow-on series of tests to further 
examine the effect of ignition stimulus on lift 
powder performance. 


Background 


McLain has reported"! that varying levels of 
ignition stimulus can produce differences in py- 
rotechnic output. To some extent, Shimizu" also 
documents the effect of varying the level of igni- 
tion stimulus. He reports that the velocity of 
propagation for flash powders can be substan- 
tially greater when initiated using a detonator 
(blasting cap) in comparison to that produced by 
thermal ignition. For example, Shimizu re- 
ported"! that a potassium perchlorate, aluminum, 
and sulfur flash powder (in a ratio of 70:27:3, 
respectively) propagated at approximately 
870 m/s when an electric igniter was used, as 
compared with a rate of 1420 m/s when initiated 
using a number 8 detonator. 


In addition to McLain’s and Shimizu’s re- 
ports, the authors’ found indirect evidence sug- 
gesting that the internal ballistics of aerial shells 
are quite sensitive to relatively minor changes in 
ignition stimulus. During laboratory measure- 
ments, it was found that surprisingly large varia- 
tions in peak mortar pressure and muzzle veloc- 
ity occur for apparently identical shell and lift 
powder configurations.'””*! One possible expla- 
nation for this observation is that small differ- 
ences, occurring in the earliest stages of lift 
charge burming, are responsible for relatively 
large differences in the propulsion of the aerial 
shells. Limited support for this theory can be 
seen in the lift pressure profile (lift pressure as a 
function of time) in a mortar as a shell is fired. 
For approximately half of the time between ig- 
niting the lift powder and the expulsion of the 
aerial shell, there is no significant pressure rise. 
(See Figure 1.) Presumably this apparently qui- 
escent period is the time taken for the fire to 
spread through the grains of Black Powder be- 
fore the burning becomes vigorous enough to 
cause a measurable rise in pressure. If that is the 
case, it is certainly possible that changing the 
manner of ignition of the lift powder could 
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change the dynamics of the early fire spread and 
thus produce a significant difference in the pro- 
pulsion of aerial shells. More support for this 
theory was found when it was discovered that 
lift performance can be significantly affected by 
relatively small changes in the point of ignition 
within the lift charge with all else being con- 
stant,!! 


Electric 
Match 
Ignition Shell 


Mortar Pressure 


0 i 


Time 


Figure 1. A fairly typical mortar pressure 
profile\during the firing of an aerial shell. 


With the firing of an electric match, there is a 
sudden burst of fire, which is fairly limited in 
both amount and duration. With burning quick 
match, potentially a much more substantial and 
sustained jet of fire is produced. Thus it seemed 
reasonable to speculate that quick match, espe- 
cially the quite vigorous burning quick match 
found on some Chinese shells, would provide a 
greater ignition stimulus for the lift charge than 
that provided by an electric match. Further, be- 
cause the Chinese lift powders were found to be 
somewhat slow burning in comparison to do- 
mestically produced Black Powder, the Chinese 
powder might be expected to be more sensitive 
to differences in the level of ignition stimulus. 


However, contrary to the above speculation, 
if a weak ignition stimulus was the cause of the 
low break problem, then why did the problem 
not occur in more of the Chinese shells being 
fired using an electric match? Further, why had 
other display companies, which also used elec- 
tric matches installed directly into the lift 
charges, not been reporting similar problems? 
Despite these possible contrary indications, it 
seemed that the ignition stimulus hypothesis was 
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worth further consideration; not only because it 
might be related to the low break problem, but 
also because it might help to explain the large 
variations in lift performance observed experi- 
mentally during the firing of what seemed to be 
identical aerial shells. Accordingly, a brief study 
was undertaken to investigate the effect of vari- 
ous levels of ignition stimulus on lift powder 
performance.!"! In that preliminary study, no 
support was found for the weak ignition stimu- 
lus hypothesis. However, due to the brevity of 
that study, it was thought that the results were 
not sufficiently conclusive to completely settle 
the question. Accordingly, this follow-on study 
was conducted. 


Experimental 


The test shells used in this study were all 75- 
mm (3-in.) inert spherical plastic shells with a 
diameter of 67-mm (2.62-in.) and weighing 
90 g. The lift charges were each 14 g of Goex"! 
4FA Black Powder, ignited using either Davey- 
fire'*! SA2000 A/N 28 B electric matches or 
quick match from one of a collection of suppli- 
ers. In either case, the end of the igniter was 
placed in the approximate center of the lift 
charge. The test mortars were approximately 
560-mm (22-in.) long HDPE with an ID of ap- 
proximately 74-mm (2.93-in.). The test firings 
were conducted at an elevation of approximately 
1400 m (4600 ft). For each test firing the effec- 
tiveness of lift charge performance was deter- 
mined by measuring the time from firing the 
shell to its eventual return to the ground. This 
was used to determine the average maximum 
height reached by the shells.!! The flight times 
were measured by two observers using stop- 
watches and recorded as the average of the two 
measurements. 


A total of 64 test shells were fired. Of these 
32 used electric matches; however, total flight 
times were successfully recorded on only 29 
occasions. In addition, a total of 32 firings used 
quick match from a collection of manufacturers. 
The results from the test firings are reported in 
Table 1. 
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Table 1. Results from Time of Flight 
Measurements. 


Average Std. 
Time of | Dev. 
Flight (s) (s) 


Ignition Method 
Electric Match | 
Quick Match 9.64 0.74 0.13 
a) Standard deviation, determined using the n — 1 
method. 
b) Standard error, reported as the standard deviation 
divided by the square root of the number of meas- 
urements. 


Conclusion 


The time of flight results for both types of 
ignition stimulus were found to be statistically 
equal, and both correspond to a maximum shell 
height of approximately 110 m (370 ft). Thus, as 
in the preliminary study, the current tests pro- 
vide no support for the theory that the low 
breaking shells were the result of a reduction in 
ignition stimulus because of the replacement of 
quick match with electric matches. However, in 
the current study only US produced Black Pow- 
der was used. Whereas it had been part of the 
initial speculation about the level of ignition 
stimulus affecting the lift charge performance, 
that perhaps the effect would be more noticeable 
when using Chinese Black Powder, which had 
been found to be less vigorous in its burning. 
Unfortunately, the authors did not have a suffi- 
cient supply of Chinese lift powder for use in the 
current study. However, even if the Chinese lift 
powder is more sensitive to varying levels of 
ignition stimulus than is the US powder, it is 
thought that some reduction in performance 
should still have been found in the current tests. 
Accordingly, it is concluded that a reduced level 
of ignition stimulus provided by _ electric 
matches, in comparison with that provided by 
fierce burning quick match, most probably was 
not the cause of the low breaking shells that 
originally prompted these tests. 
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The Effect of Mortar Diameter on the 
Burst Height of Three-Inch Spherical Aerial Shells 


K. L. and B. J. Kosanke 


Background 


A while ago, a small fireworks display com- 
pany called seeking information about the effect 
of mortar internal diameter on the burst height 
expected to be achieved by aerial shells fired 
from them. It seems the company had received a 
large quantity of three-inch, high-density poly- 
ethylene (HDPE) pipe that they had cut into 18- 
inch lengths for mortars (including 1.5-inch 
thick plugs) before having checked the pipe’s 
internal diameter. When it was checked, the 
HDPE pipe was found to have an internal di- 
ameter of 3.21 inches (i.e., it was significantly 
oversize). Because it was close to the July 4" 
holiday season, there was not sufficient time to 
replace the pipe. Accordingly, the question was, 
could these mortars be safely used? 


Of course, one problem with mortar diameter 
being greater than expected is that this results in 
greater clearance between the shell and mortar, 
through which more than the usual amount of 
burning lift gas will escape. Typically, the gap 
between shell and mortar amounts to about 20 
percent of the cross-sectional area of the mortar. 
(For example, with a 2.7-inch diameter shell and 
a 3.0-inch diameter mortar, the gap amounts to 
19 percent of the cross-sectional area of the mor- 
tar.) However, for these oversized mortars, the 
gap was about 30 percent of the cross-sectional 
area, thus reducing the normal lift pressure and 
causing the shells to be propelled to less than 
full height. 


Generally, shells can be propelled to a greater 
height by lengthening the mortar. This is be- 
cause aerial shells normally exit the mortar 
while there is still significant lift pressure in the 
mortar. Accordingly, if a mortar is lengthened, 
some of this normally wasted lift energy will be 
used to increase the muzzle velocity of (and thus 
the height reached by) the exiting aerial shell. In 
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this case, had the pipe not already been cut into 
short lengths, the effect of an oversize diameter 
might have been compensated for, simply by 
making the mortars somewhat longer. Since this 
was not an option, the question remained, would 
these mortars propel their aerial shells to a safe 
height? 


However, there is another issue not addressed 
in the initial question about shells attaining a 
safe height. For the most part, all three-inch 
HDPE pipe is extruded with the same outside 
diameter, 3.50 inches."! Accordingly, as a con- 
sequence of this pipe having an oversize inner 
diameter, its wall thickness was less than ex- 
pected. In this case, the wall thickness was ap- 
proximately 0.15 inch as opposed to the ex- 
pected thickness of approximately 0.25 inch. 
Thus, an additional question was, is this pipe 
sufficiently strong to be safely used. Fortunately, 
a previous study (unpublished) of the effective 
burst strength of HDPE mortars had demon- 
strated that even these thin-walled, three-inch 
mortars were still amply strong to be safely 
used. 


Discussion 


For the most part, the effect of mortar diame- 
ter has received relatively little attention in the 
literature. Some of the writings of T. Shimizu 
address the subject to some extent, and he has 
suggested a mathematical model incorporating 
the effect of shell-to-mortar clearance,' provid- 
ing the clearance is not too great. However, nei- 
ther Shimizu nor anyone else we are aware of 
has provided quantitative data based on field 
measurements. Because time was extremely 
short before the display company needed to use 
the mortars, only the briefest of investigations 
could initially be undertaken. A series of 12 
shell firings, six from the oversized mortar and 
six from a 3.00-inch ID mortar, was conducted. 
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The burst height of these shells was determined 
by measuring the amount of time elapsing be- 
tween the burst of the shell (as determined opti- 
cally) and the arrival of the sound of the burst."”! 
Unfortunately, only a limited number of shells 
were available at the time for testing. The only 
manufacturer for which there were a sufficient 
number of three-inch shells was Horse Brand, 
and even those were a variety of shell types. 
Nonetheless, the testing was performed while 
trying to match pairs of shells (for firing from 
both size mortars) as best as one could. The re- 
sults were that the average burst height using the 
normal 3-inch mortar was 345 feet, while that 
for the oversized mortar was 277 feet, with both 
data sets producing a fairly wide range of burst 
heights. The difference corresponds to approxi- 
mately a 14% reduction of burst height for these 
oversized mortars as compared with those 
achieved using 3.00-inch mortars." 


More than a year later, after performing some 
tests as part of another project, some of the 3- 
inch shells used in these later tests remained un- 
used. These were Thunderbird, Color Peony- 
White (TBA-106) shells having an average mass 
of 136g, an average diameter of 2.72 inches, 
and an average of 37 g of lift charge (apparently 
4FA granulation). Five test shells were fired 
from each of three mortars with different inter- 
nal diameters (2.93, 3.02 and 3.21-inches). Ap- 
proximately 10 minutes elapsed between each 
use of a mortar, to allow time for the mortar to 
cool before its next firing. The average heights 
of the shell bursts were determined as described 
above"! and found to be 530, 490 and 460 feet 
for the three mortar diameters, respectively.'! If 
the burst height from the 3.02-inch mortar is 
defined as 100%, the mortar with the tight fit 
produced a burst height increase of approxi- 
mately 8% and the mortar with the loose fit pro- 
duced a reduction in burst height of approxi- 
mately 6%. 


In each case, the one-sigma coefficient of 
variation"! was about 10% (approximately 50 
feet) and the standard error! was about 5% (ap- 
proximately 25 feet). Also, had the shells been 
fired at about 1000 feet of elevation above sea 
level, based on an increase in air density, the 
burst heights would have been reduced by 
roughly 50 feet." 
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While the burst heights may be unexpectedly 
high for those using the 100 feet per shell-inch 
rule of thumb, this rule of thumb was found to 
under estimate actual burst heights.'°! Also, it 
must be recalled that the testing was performed 
at nearly a mile above sea level with a corre- 
sponding reduction in air density. Further, the 
test shells were a little larger (tighter fitting) 
than normal, and they had greater lift mass than 
is typical for 3-inch spherical aerial shells. Fi- 
nally, the mortar was about 10% longer than the 
15 inches recommended by the NFPA.! Ac- 
cordingly, considering everything, it is thought 
that the measured burst heights are approxi- 
mately correct. 


The results from these two brief tests are 
summarized in the table below. Accordingly, it 
is concluded that the effect of using the over- 
sized mortar is a reduction in burst height of ap- 
proximately 10%. However, it must be consid- 
ered that the statistical uncertainty in the com- 
bined measurements is a little more than 3%. 
Thus the effect on burst height resulting from 
the use of the oversized mortar could easily be 
anywhere in the range from about 5 to 15%. 
Certainly it would have been preferred to have 
results with better statistical precision, nonethe- 
less it is clear that there was not an overwhelm- 
ing decrease in the burst height of the shells 
fired from the oversized mortar in this instance. 
While this is not the preferred situation, neither 
does it represent a substantial safety concern. 
Also, in this instance, the reduction in burst 
height is small enough that it could have easily 
be compensated for by a modest increase in 
mortar length.'®! 


Mortar Percent Change in Burst Height 
Diameter | Test 1 Test 2 Average 
3.21 in -14 —6 -10% 


a) The change in burst height is compared with shells 
fired from a 3.02-inch mortar. 


It is hoped that these brief studies and this ar- 
ticle have provided some useful (and perhaps 
interesting) information on the effect of mortar 
diameter on the burst height achieved by small 
caliber aerial shells. 
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Notes 


Typically, as HDPE pipe is extruded, it is 
drawn through a “vacuum sizer” which lit- 
erally sucks (expands) the still pliable pipe 
up to the size of the vacuum sizer. The 
vacuum sizer is generally water-cooled 
and of sufficient length to maintain the 
pipe’s diameter until the pipe has cooled 
sufficiently, so the pipe will retain the cor- 
rect diameter. 


If desired, see references 2 and 3 for dis- 
cussions of two slightly different methods 
using the delay in arrival of the sound of 
the explosion to determine the distance to 
the explosion. 


Testing was conducted in western Colo- 
rado at an altitude of 4600 feet above sea 
level. The reduced air density at this eleva- 
tion results in lower drag forces, such that 
aerial shells travel faster for longer (1.e., 
shells will have greater burst heights) than 
when fired nearer sea level. 


The coefficient of variation is the standard 
deviation expressed as the percent of the 
mean. 


The standard error in this case is expressed 
as a percentage and is the coefficient of 
variation divided by the square root of the 
number of measurements. 


Based on the use of a computer ballistics 
model for fireworks aerial shells.'4! 


For example, for the same shells used in 
this study, fired from a minimum length 
mortar, 15 inches above the plug, the burst 
height can be increased by about 10% by 
simply increasing the mortar length to 


about 19 inches.!7) However, the reduced 
lift pressure would require a mortar length 
in excess of 19 inches to compensate fully. 


References 


1) T. Shimizu, Fireworks, From a Physical 


Standpoint, Part III, Pyrotechnica Publica- 
tions, 1985. 


2) K. L. Kosanke, “Determination of Aerial 


Shell Burst Altitudes”, Pyrotechnics Guild 
International Bulletin, No. 64, 1989 ; also 
in Selected Publications of K. L. and B. J. 
Kosanke, Part 1 (1981 through 1989), 
Journal of Pyrotechnics, 1996. 


3) K. L. and B. J. Kosanke, “Simple Meas- 


urements of Aerial Shell Performance”, 
American Fireworks News, No. 181, 1996 ; 
also in Selected Pyrotechnic Publications of 
K. L. and B. J. Kosanke, Part 4 (1995 
through 1997), Journal of Pyrotechnics, 
1999.. 


4) K. L. and B. J. Kosanke, “Computer Mod- 


eling of Aerial Shell Ballistics”, Pyrotech- 
nica XIV, 1992; also in Selected Pyrotech- 
nic Publications of K. L. and B. J. Kosanke, 
Part 2, Journal of Pyrotechnics, 1995. 


5) K. L. Kosanke, L. A. Schwertly, and B. J. 


Kosanke, “Report of Aerial Shell Burst 
Height Measurements”, Pyrotechnics Guild 
International Bulletin, No. 68, 1990; also in 
Selected Pyrotechnic Publications of K. L. 
and B. J. Kosanke, Part 2 (1990 through 
1992). Journal of Pyrotechnics, Inc., 1995. 


6) Code for Fireworks Display, National Fire 


Protection Association, NFPA-1123, 2000. 


7) K. L. and B. J. Kosanke, “Aerial Shell 


Burst Height as a Function of Mortar 
Length”, American Fireworks News, No. 
253, 2002; also appears in this collection of 
articles. 


Page 56 


Selected Pyrotechnic Publications of K. L. and B. J. Kosanke (2001 and 2002) 


An earlier version appeared in Fireworks Business, No. 217, 2002. 


Electric Matches: Effective Thermal Output 


K. L. and B. J. Kosanke 


Introduction 


A study of electric match sensitiveness and 
performance has recently been completed, and a 
summary of the results is being presented as a 
series of short articles. This is the ninth article in 
the series!'! and presents the results of tests to 
determine the effective thermal output for the 
same collection of 10 electric match types as in 
the previous articles. 


Effective Thermal Output Test 


The ignition of one pyrotechnic composition 
by another (an electric match in this case) is ac- 
complished by the transfer of energy. This trans- 
fer is generally accomplished by some combina- 
tion of thermally incendive sparks (incandescent 
solid or liquid particles), high temperature gases, 
and radiant thermal energy. These three ignition 
stimuli are listed in decreasing order of their ef- 
fectiveness for the ignition of typical pyrotech- 
nic compositions. Accordingly, the effectiveness 
of ignition transfer depends on the relative pro- 
portion of these three sources of ignition energy, 
which in turn depends on the chemical nature of 
the donor pyrotechnic composition, which is 
likely to be different for some of the various 
electric matches being tested. 


The effectiveness of ignition transfer also de- 
pends on the nature of the material to be ignited. 
Accordingly, the best measure of an electric 
match’s ability to cause the ignition of pyrotech- 
nic materials would be to conduct a series of ig- 
nition tests on various pyrotechnic compositions, 
under various conditions and in each configura- 
tion determining the percentage of times ignition 
was accomplished. However, for the ten electric 
matches being evaluated in this study, this could 
easily run into the many thousands of individual 
test firings. Clearly such an extensive series of 
tests was not possible for this brief screening 
study, and a more general method had to be util- 
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ized. This article reports on the first of a short 
series of tests intended to provide information on 
the electric matches’ ability to produce ignition. 


The tests reported in this article are described 
as “effective thermal output” tests. This is in 
opposition to “total thermal output” tests, such 
as would be accomplished by sealing an electric 
match inside a tiny vessel, causing the ignition 
of the electric match and measuring the total 
energy produced, as reflected by the increase in 
temperature of the vessel. Because of the hierar- 
chy of effectiveness of the three ignition stimuli 
mentioned above, it was thought that such a total 
thermal output measurement could produce mis- 
leading results. Accordingly, a slightly different 
approach was taken, as illustrated in Figure 1. In 
this case, the vessel was not sealed, such that 
any permanent gases produced by the firing of 
the electric match would escape without trans- 
ferring much of their thermal and radiant energy 
to the walls of the vessel. On the contrary, a fair 
amount of any temporarily vaporized reaction 
products (temporary gases) are likely to con- 
dense on the walls of the tube, thereby transferring 
much of their thermal energy. Similarly, much 
of the thermal energy from incendive sparks is 
expected to be transferred to the brass tube. 


Thin Brass Tube Electric Match 


Thermocouple 


Figure 1. Illustration of the “effective thermal 
output” test configuration. 


During the period of each test firing, the 
temperature of the thin brass tube was monitored 
using a thin gauge thermocouple attached to the 
outer surface of the tube. A typical temperature 
profile (temperature as a function of time) is 
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shown in Figure 2, demonstrating the rapid rise 
and relatively slow fall of the temperature. This 
made it quite easy to accurately record the 
maximum temperature rise observed during each 
test firing. In each test, the initial and maximum 
temperatures were recorded, and the difference 
(increase) in temperature was calculated. Pairs 
of test firings were performed for each type elec- 
tric match, and the average temperature increase 
calculated. These results are reported in Table 1. 
Prior to testing each pair of electric matches, a 
new (clean) brass tube was installed. 


100 
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Figure 2. A graph of temperature as a function 
of time for an effective thermal output test. 


If it can be assumed that the temperature rise, 
as determined in these tests, correlates with the 
electric matches’ ability to produce ignitions of 
typical pyrotechnic materials, the Daveyfire A/N 
28 F electric match is superior, producing a tem- 
perature rise of nearly 80 °C. Next are the Luna 
Tech Flash and Martinez Specialties E-Max 
electric matches, both producing an approxi- 
mately 50 °C rise. The remaining seven electric 
match types then produce temperature increases 
ranging from approximately 20 to 35 °C. 


Reported in the last column of Table 1 is the 
normalized temperature rise (i.e., the tempera- 
ture rise in °C divided by the approximate mass 
of pyrotechnic composition used on that type 
electric match). While this information is of lit- 
tle practical significance, it was included to sat- 
isfy the potential curiosity of a few readers wish- 
ing more information on the relative efficiency 
of the different pyrotechnic compositions used 
by the various manufacturers. 


Table 1. Results of Electric Match Effective 
Thermal Output Testing. 


Product A Temp.” | Mass | Norm. 
Supplier _| Designation °C | mg® | aT 


a) This is the average increase in temperature of the 
brass tube as a result of firing each of two electric 
matches inside the brass tube, reported to the near- 
est degree. 


b) This is the approximate mass of pyrotechnic com- 
position in mg used on each type of electric match, 
reported to only one significant figure, as reported 
previously, Fireworks Business, No. 206, 2001. 


c) This is the normalized temperature increase (i.e., 
the temperature increase in °C divided by the mass 
of composition in mg) reported to only one sig- 
nificant figure. 
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Factors Affecting the Precision of Choreographed Displays 


K. L. and B. J. Kosanke 


For maximum effectiveness of tightly cho- 
reographed fireworks displays, it is important 
that shell bursts occur very near their intended 
times. For the purpose of this article, it is as- 
sumed that electrical firing employing a com- 
puter or other means of accurately applying the 
firing current to electric matches is being used. 
In addition, it is assumed that the choreographer 
has accurate information about the firing and 
burst characteristics of the shells being used, and 
that no errors are made in the design of the cho- 
reography or in the loading of the display. In 
that case, there are two primary sources of varia- 
tion that combine to affect the overall precision 
of the shell burst times. First is the preciseness 
of the shell firings from their mortars; second is 
the preciseness of the time fuse burning. (In the 
context of this article, “preciseness” is intended 
to indicate consistency or reproducibility of 
events.) 


The display company has some control over 
the firing precision of shells. The effectiveness 
of the commonly used methods of electric match 
installation was briefly studied and reported in a 
previous article!!! and is summarized again be- 
low. The three common points of attachment for 
electric matches are illustrated in Figure 1 and 
the degree of firing precision accomplished us- 
ing each of them is presented in the first three 
rows of Table 1. (For more information on test 
conditions and methods, see reference 1.) As 
expected, the best firing precision (lowest stan- 
dard deviation) is achieved with an electric 
match installed directly in the shell’s lift charge. 
However, using an electric match attachment in 
the shell leader just above the shell, provides a 
level of firing precision that is equivalent to that 
achieved with the electric match in the lift 
charge, within the practical limits of human per- 
ception. 
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Figure 1. Illustration of the three common points 
of attachment of electric matches to aerial shells. 


Table 1. Firing and Burst Time Results. 


Event Time®| Std. Dev.” 
Test Conditions (s) 


Time Fuse Burning® 


a) Event time for the various electric match at- 
tachment points is the average elapsed time be- 
tween applying current to the electric matches 
and the shells exiting from the mortars. Event 
time for the time fuse burning is the average 
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elapsed time between the shells leaving the mor- 
tar and their bursting. 

b) The one-sigma standard deviations of the aver- 
age event times were determined using the n — 1 
method. This is an indication of the precision 
(reproducibility) of the timing of the event. Ap- 
proximately 70% of the events occur within plus 
or minus one standard deviation of the average. 

c) All using 24-inch long shell leaders with high 
quality quick match from a single manufacturer. 

d) All using 6-inch long shell leaders with high 
quality quick match from a single manufacturer. 

e) All shells were 3-inch Thunderbird Color Peony- 
White taken from the same case of shells. 


Other than purchasing high quality shells, a 
display company generally has little control over 
the burst precision provided by an aerial shell’s 
time fuse. To gain an estimate of the precision 
for shells of typical quality, a series of 29 three- 
inch Thunderbird aerial shells were test fired 
while being video taped. The shells were Color 
Peony-White (TBA-106), all taken from the 
same case of shells. The shells each had a pair of 
fairly high quality time fuses. Following the test 
firings, the video tape was studied frame by 
frame, to determine the time interval between 
each shell’s firing from its mortar and its burst- 
ing. The results are presented as the bottom row 
in Table 1. (Based on a limited number of other 
testing over the years, it is thought that the burst 
time uncertainty reported in Table 1 is fairly 
typical.) 


Fairly clearly the greatest source of impreci- 
sion in a tightly choreographed display is the 
uncertainty associated with the burning of the 
time fuse(s). It is possible that the use of well- 
made spolettes would reduce the uncertainty 
somewhat but probably not by very much. Ac- 
cordingly, when very precise timing of shell 
bursts is needed, people have turned to the use 
of tiny electronic timers'**! to replace the shells’ 
time fuses. While these electronic units are defi- 
nitely not inexpensive, when precise timing of 
bursts is required to accomplish an effect, there 
would seem to be no alternative at this time. 
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Studies of Electric Match Sensitiveness 


K. L. and B. J. Kosanke 
PyroLabs, Inc., Whitewater, CO 81527 USA 


ABSTRACT 


The sensitiveness of a collection of ten electric 
match types, from four suppliers, was determined 
under conditions intended to reflect their actual 
use to ignite fireworks displays. The measure- 
ments included determinations of impact, elec- 
trostatic discharge (ESD), friction, and thermal 
sensitiveness. The ESD tests considered dis- 
charges both through the bridgewire and from 
the bridgewire through the composition to 
ground. When safety shrouds were provided by 
the manufacturer, additional impact and ESD 
(through the composition) testing was performed 
with the safety shrouds left in place on the elec- 
tric match tips. (Note that users often remove the 
protective shrouds for convenience during use.) 
To simulate conditions during use, additional im- 
pact and friction testing was performed with 
Black Powder prime composition in the presence 
of match tips. 


It was found that there was a wide range of 
electric match sensitiveness, that the presence of 
the shrouds provided significant decreases in sen- 
sitiveness, and that the presence of Black Powder 
prime did not significantly affect sensitiveness. 


Keywords: electric match, impact sensitiveness, 
friction sensitiveness, thermal sensitiveness, 
electrostatic discharge sensitiveness, ESD, 
sensitiveness testing 


Introduction 


Although more expensive and time consum- 
ing to set up, when compared to traditional re- 
loaded and manually ignited fireworks displays, 
electrically fired displays have become increas- 
ingly common. For the most part, this is because 
they offer the potential for greater artistry, through 
the use of intricate display choreography often 
synchronized to music. Electrically fired displays 
also offer the potential for greater display crew 
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safety by requiring a smaller number of crew 
members when firing the display and by separat- 
ing them from the mortars and the occasional 
malfunctioning aerial shell. Unfortunately, too 
often the full potential for increased crew safety 
has not been achieved, with the crew sometimes 
trading accidents caused by aerial shell malfunc- 
tions for those caused by the accidental ignition 
of electric matches during transportation to, set- 
up and disassembly of the display. 


A study of electric match sensitiveness was 
completed for ten different match types from 
four suppliers, and brief summaries of the results 
have been reported in a series of short articles in 
Fireworks Business.''! The present article was 
written to allow full presentation of the data and 
a number of photographs, as well as to allow a 
more complete comparison of the results. Table 1 
lists the various suppliers and electric match 
types. Table 1 also presents the abbreviated des- 
ignations of the electric matches used in many of 
the data tables throughout this article. 


Table 1. List of Suppliers and Types of 
Electric matches Tested. 


Product Abbreviation 
Supplier Designation Used 


inte |e fh 


Martinez 
Specialties” 


More than 1500 individual tests and measure- 
ments were performed during this study. How- 
ever, it is important to acknowledge that, because 
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of the large number of different combinations of 
electric match types and test configurations used, 
this sensitiveness testing must only be consid- 
ered a screening study. For the most part, this is 
because only a limited number of individual tests 
were performed during each sensitiveness de- 
termination for each electric match type. Also 
note that the standard sensitiveness tests were 
often modified in an attempt to better character- 
ize the electric matches in the environment typi- 
cal of their use in fireworks displays. Accord- 
ingly, the statistical precision achieved is only 
sufficient to approximately characterize and rank 
the sensitiveness of the various electric matches, 
and then only under the specific conditions of 
this testing. For electric matches producing simi- 
lar results, had additional numbers of matches 
been tested or had the conditions been somewhat 
different, it is possible that slightly different re- 
sults would have been produced. 


As a consequence of these only being con- 
sidered screening tests, discussion of the results 
is often couched in terms indicating a significant 
lack of certitude. For example, terms such as “it 
is likely”, “it would seem”, “it is thought”, etc. 
are frequently used. 


The electric matches for these tests were sup- 
plied in late 1999. Accordingly, it is possible that 
current production electric matches from these 
same suppliers have been modified in some way, 
which may have caused them to have sensitive- 
ness results different than those reported herein. 


Background 


Figure | is an illustration of a typical electric 
match. It most commonly consists of an electri- 
cally insulating substrate with copper foil clad- 
ding, somewhat similar to that used for printed 
electrical circuits. The size of the electric match 
tip is often approximately 0.4-inch long by 0.1- 
inch wide by 0.03-inch thick (10 x 2.5 x 1 mm), 
exclusive of the pyrotechnic composition. Cop- 
per leg wires, used to attach the electric match to 
the firing control system, are soldered to the 
copper cladding. Completing the electric circuit 
within the electric match tip is a thin, high- 
resistance bridgewire (nichrome) soldered across 
the end of the substrate. The tip of the electric 
match is dipped into one or more heat sensitive 
pyrotechnic compositions, typically depositing a 
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total of about 40 mg of material. Then a protec- 
tive lacquer coating covers the pyrotechnic com- 
position. For the most commonly used electric 
matches, when an electric current of approxi- 
mately 0.5 ampere is passed through the electric 
match, the relatively high-resistance bridgewire 
heats sufficiently to cause the ignition of the py- 
rotechnic composition. This produces a small 
burst of flame that is used to cause the ignition 
of a firework. (There are significant differences 
in the construction and performance of the ten 
electric match types studied. A proper presenta- 
tion and discussion of this is well beyond the 
scope of the present article. However, some in- 
formation on the construction and performance 
characteristics of these electric matches can be 
found in other articles.'*!) 


Lacquer Coating 
High 
Resistance 
Bridgewire 


Pyrotechnic 
Composition 


Non-Conductive 
Substrate 


Copper Foil 


Solder 


Leg Wire 


Figure 1. Illustration of a typical electric match 
in cross-section (left) and viewed externally 
after rotating 90° (right). 


Figure 2 is a series of photographs of some of 
the types of electric matches tested in this study. 
Two views of each electric match are shown 
(rotated 90° from each other), as well as one view 
with a cut-away safety shroud when that was pro- 
vided by the manufacturer. Some electric match 
types were not included in Figure 2 because they 
are similar in appearance to those shown. The 
Aero Pyro electric matches and Daveyfire A/N 
28 B electric matches are similar to the Daveyfire 
A/N 28 BR electric match shown. However, the 
Daveyfire A/N 28 B electric match has some- 
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what less pyrotechnic composition than the A/N 
28 BR, and the Aero Pyro electric matches were 
not supplied with safety shrouds. The Luna Tech 
BGZD electric match appears identical to their 
Flash electric match except for a different color 
coating. The Martinez Specialties E-Max elec- 
tric match is virtually identical in appearance to 
their Titan electric match. 


Pyrotechnic compositions are said to be meta- 
stable, meaning that they are reasonably stable 
under normal conditions, but when supplied with 
sufficient activation energy, they react to release 
their store of chemical energy,'”! typically in the 
form ofa flame. For an electric match, the activa- 
tion energy is intended to be the thermal energy 
produced by an electric current passing through 
the high-resistance bridgewire. However, the ac- 
tivation energy can come from other unintended 
sources, such as mechanical energy from impact 
or friction, or the electrical energy from an elec- 
trostatic spark, etc. When there is an unintended 
ignition of an electric match, too often this is the 
initiating cause of a significant accident, some- 
times with the most serious consequences. 


In general, hazards are managed by reducing 
the probability of the accident occurring, reduc- 
ing the consequences of the accident should it 
occur, or preferably by reducing both the prob- 
ability and consequences.'*! In the case of elec- 
tric matches, the probability of having an acci- 
dental ignition is reduced by taking measures to 
limit the unintentional delivery of energy to the 
pyrotechnic composition. This can be accom- 
plished using measures as simple as educating 
workers to take care not to forcefully crush the 
electric match or not to allow the forceful rub- 
bing of the electric match against an abrasive 
surface. In addition, for electric matches used in 
situations where accidental crushing or rubbing 
might be expected, some manufacturers provide 
soft plastic safety shrouds to help protect the elec- 
tric match tips. Clearly, the firing crew should 
be instructed to leave the safety shrouds in place 
and not to remove them during use (as is often 
done for convenience). 


As is generally true for pyrotechnics, the 
consequences of having an accidental ignition of 
an electric match can be reduced by limiting the 
amount of fireworks in the immediate work area. 
Work should be performed in a manner such that, 
in the event of an accidental ignition, only one 


DF-BR 


LT-F 


Figure 2. Photographs of some of the electric 
matches studied. (Each background square is 
0.10 in., 2.5 mm.) 
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item will ignite and that it is unlikely that any- 
one will be seriously injured by that single igni- 
tion. For example, consider the case where an 
aerial shell has been loaded into its mortar be- 
fore inserting an electric match into its shell 
leader and wiring the electric match into the fir- 
ing circuit. In the event of an accidental ignition 
of that shell, it is likely that only the one shell 
would ignite and that it should fire relatively 
harmlessly into the air. (Of course, that assumes 
care was taken to not have any body parts over 
the mortar while working.) 


In this study of electric match sensitiveness, 
it was found that the various electric matches 
demonstrate a wide range of sensitivity to acci- 
dental ignition. However, it is important to note 
that none were found to be so sensitive as to 
preclude their safe use, provided appropriate 
levels of care are taken. Further, it is a general 
principle of pyrotechnics that materials that are 
less prone to accidental ignition also tend to be 
more difficult to ignite intentionally. Thus, it 
should not automatically be assumed that the 
least sensitive electric match is the best choice 
for every application. 


Impact Sensitiveness 


Normal Configuration 


The impact sensitiveness apparatus was of a 
standard drop-hammer (fall-hammer) design; 
however, because of the relatively high sensitive- 
ness of electric matches, lighter than normal drop 
hammers were used. In these tests, a one-half 
kilogram drop hammer was used with the more 
sensitive electric matches and a one-kilogram 
drop hammer was used with the less sensitive 
electric matches. An additional modification was 
made in an attempt to better simulate the use envi- 
ronment of the electric matches. Typically, im- 
pact sensitiveness testing is performed by plac- 
ing a sample between two steel anvils that are 
then forced together by the impact of the drop 
hammer. However, in this case, the match tips 
were inserted inside a fold of 0.010-in. (0.25- 
mm) thick paper card stock (see Figure 3) and the 
drop hammer was allowed to fall directly on the 
assembly. Also, because the solder connections 
on some of the electric match tips were thick 
enough to have absorbed some of the impact 
energy, the solder connections of the electric 
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matches were cut off and only the very end of 
the match tips, with the pyrotechnic composi- 
tion, were used in the tests. The electric match 
tips were oriented such that their wide dimen- 
sion was parallel to the impact surfaces. For 
these tests, any shrouds supplied with the elec- 
tric matches had been removed. 


Card Stock 


| <——————_ Match Tip 


PLES ELA IIL Lower Anvil 


Figure 3. Illustration of the “normal” impact 
test sample configuration. 


For each electric match type, approximately 
20 were impact tested using the standard stair- 
step (Bruceton) method."! The results from test- 
ing using the normal configuration, as shown in 
Figure 3, are indicated in the “Test” column of 
Table 2 as “N-1/2” or “N-1”, depending on 
whether the 1/2- or 1-kg drop hammer was used. 
The individual test results are reported as a pair 
of numbers, indicating the number of ignitions 
and non-ignitions, respectively, for each drop 
height used. The sensitiveness results are the 
Bruceton calculated heights that caused ignitions 
50% of the time and are reported to the nearest 
inch. When the one-kilogram drop hammer had 
been used, the reported results were doubled (.e., 
normalized to the corresponding half-kilogram 
drop hammer heights). (There is some concern 
that such drop-hammer normalization may not 
be completely correct. However, it was done to 
allow an easy comparison of results using the 
two different mass drop hammers.) 


Based on these limited results, it would seem 
that the Aero Pyro, Daveyfire A/N 28 B and A/N 
28 BR, Luna Tech BGZD, and Martinez Special- 
ties E-Max Mini electric matches were all ap- 
proximately equally sensitive, falling in the most 
sensitive group (50% sensitiveness height of 
seven to ten inches or 180 to 250 mm). A little less 
sensitive were the Luna Tech OXRAL and Mar- 
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Table 2. Results of Impact Sensitiveness Testing. 


Drop Height (in.) 


E-match prop Height (in. Wee 
Test” eo [9 [12 [15 [18 [21 | 24 [30 [36 [42 [48 | 
4 


pee No 
N-1/2 ne ae ee 


a) Incolumn 2, “N” indicates the use of the set-up as shown in Figure 3. “S” indicates testing with the safety 
shroud in place. “1/2” indicates use of a 1/2-kg drop hammer and “1” indicates use of the 1-kg drop hammer. 


b) For conversion of drop height to SI units, 1 in. = 25.4 mm. Reported are the number of ignitions and non- 
ignitions that occurred at this height. For example, “6/2” would indicate there were 6 ignition and 2 non- 


ignition events recorded at this particular drop height. 


c) This is the height, reported to the nearest inch, that was calculated using the Bruceton method”! to produce 
ignitions 50% of the time (i.e., it is the 50% impact sensitiveness). Those entries prefaced by an “S” indicate 
the result is for an electric match with its safety shroud in place. 


d 


wm 


This is an indication of the effect of the presence of Black Powder prime. It is the number of ignitions and 


non-ignitions that occurred in the presence of Black Powder, in tests performed at the 50% drop height found 


previously during testing without Black Powder present. 


e) The practical impact height limit for the instrument being used was 48 inches (1.2 m). For a 1-kg hammer 
mass, this approximately corresponds to an equivalent 96 in. (2.4 m) had a '4-kg mass hammer been used. 
The sensitiveness of these electric matches fell below the limit of the instrument using a 1-kg drop hammer. 


tinez Specialties E-Max electric matches (50% 
height of 14 to 18m. or 360 to 460mm). The 
Daveyfire A/N 28 F, Luna Tech Flash, and Mar- 
tinez Specialty Titan electric matches were all 
much less sensitive (50% height of =96 inches 
or 2.4m). (Note that the practical impact height 
limit for the instrument being used was 48 inches 
(1.2 m). For a 1-kg mass hammer, this approxi- 
mately corresponds to an equivalent 96 in. 
(2.4 m) for a ’2-kg mass hammer.) 


As apoint of comparison, rough Black Powder 
harvested from some Horse Brand black match 
was recently tested and found to have a 50% 
impact sensitiveness height (using steel anvils) 
that was roughly comparable to that of the least 
sensitive electric matches (Daveyfire A/N 28 F, 
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Luna Tech Flash, and Martinez Specialty Titan). 
In this configuration, without safety shrouds, all 
of the other electric match types are five to ten 
times more sensitive to accidental ignition from 
impact. Accordingly, such electric matches must 
be treated with much care and respect. 


One additional point should probably be raised 
regarding these impact sensitiveness results. In 
performing the testing on completed electric 
match tips, it appears there may be an effect due 
to the physical size of the mass of composition. 
Note that the sensitiveness of the Martinez Spe- 
cialties E-Max Mini electric match is significantly 
greater than that for the E-Max electric match. It is 
possible that this is an effect of a difference in 
the size of the two electric match tips (see again 


Page 65 


Figure 2) with the impact force being more con- 
centrated on the smaller electric match tip. It is 
possible that a similar effect is seen for the 
Daveyfire A/N 28 B and A/N 28 BR electric 
matches, where results suggest that the larger 
A/N 28 BR electric match isa little less sensitive. 


Effect of Black Powder 


It has been speculated that some electric 
match compositions may be more sensitive to ac- 
cidental ignition when in the presence of Black 
Powder, perhaps because of the sulfur contained 
therein. This is of particular concern because gen- 
erally electric matches are in contact with Black 
Powder when being used to ignite fireworks. 
Accordingly, the electric matches in this study 
were subjected to impact sensitiveness testing in 
the presence of Black Powder. The normal test 
configuration was modified slightly, as illus- 
trated in Figure 4. In these tests the inside sur- 
face of the piece of card stock around the elec- 
tric match was heavily painted with a slurry of 
Black Powder (bound with 5% dextrin) and al- 
lowed to dry thoroughly before testing. How- 
ever, to conserve on the number of individual 
tests performed, a full set of Bruceton impact 
tests was not performed. Instead, for each elec- 
tric match type, a series of just ten individual 
impacts were used, each time using the 50% im- 
pact sensitiveness height found previously in the 
testing without Black Powder. If the presence of 
Black Powder had no effect on impact sensitive- 
ness, the number of ignitions should be roughly 
five out of the ten tests. The results of this testing 
are presented as a pair of numbers in the final 
column of Table 2, indicating the number of ig- 
nitions and non-ignitions, respectively. 


Within the precision limits of this testing, for 
a finding of three to seven ignitions, it must be 
concluded that any effect due to the presence of 
Black Powder is probably relatively small. Based 
on the testing, most of the electric match types 
are in this category. However, it is fairly likely 
that a finding of eight or more ignitions indicates 
added sensitiveness as a result of the presence of 
the Black Powder. The only electric match fal- 
ling in this group was the Luna Tech BGZD 
electric match. Because these electric matches 
were already found to be fairly sensitive to im- 
pact—even without the presence of Black Pow- 
der, it might seem that this is a matter of particu- 
lar concern. However, it must be recognized that 
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Card Stock 


| <——————_ Match Tip 


KYL L LL LLL AA— Lower Anvil 


Figure 4. Illustration of the impact test sample 
configuration, with Black Powder prime present. 


the Luna Tech BGZD electric matches are in- 
tended for use in stage effects where it is signifi- 
cantly less likely to be subjected to impact, than 
if they were being used in fireworks displays. 
Further, it is even less likely that they will be 
subject to a significant impact in the presence of 
Black Powder. 


The Daveyfire A/N 28 F and Luna Tech Flash 
electric matches had been found to have 50% 
impact sensitiveness heights without the presence 
of Black Powder that exceeded 96 in. (2.4 m) (as 
corrected for using a 1/2-kg drop hammer). 
These electric matches were retested using the 
same impact (1-kg drop hammer at 48 in. or 1.2 m) 
with Black Powder present. For the Daveyfire 
A/N 28 F electric matches in the presence of 
Black Powder, there were now seven ignitions in 
ten tests, whereas without Black Powder there 
had been only one ignition in six tests. Accord- 
ingly, it would seem that there is an added sensi- 
tiveness due to the presence of Black Powder. 
However, since these electric matches are among 
the very least impact sensitive electric matches, it 
is thought not to be of significant concern. For 
the Luna Tech Flash electric matches, there were 
zero in six tests at 96 in. (2.4m) without Black 
powder and zero of five ignitions in the presence 
of Black Powder. (In both cases the testing was 
terminated early because more definitive results 
seemed unlikely.) Accordingly, it is not possible 
to speculate on the possibility of their being 
more impact sensitive in the presence of Black 
Powder; however, they were the least impact 
sensitive of all the electric matches tested. 


In one case, the impact results suggest that 
there might have been a reduction in the sensi- 
tiveness observed. It seems likely that this is an 
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artifact of the test method. It is suspected that the 
presence of Black Powder may have provided 
more material over which the force of the impact 
was distributed. For that reason it might have been 
expected that reduced sensitiveness would be 
found. (This is similar to the size effect discussed 
above for the E-Max and E-Max Mini matches.) 


Effect of Safety Shroud 


Some electric match suppliers, in particular 
those whose customers are likely to use the elec- 
tric matches to ignite fireworks, supply safety 
shrouds for their electric matches. (Safety shrouds 
are a soft plastic covering for an electric match.) 
These are either preinstalled or available for cus- 
tomer installation. (See Figure 5 for an illustra- 
tion of a typical electric match and shroud con- 
figuration.) Suppliers of electric matches for use 
in proximate audience pyrotechnics typically do 
not supply shrouds, or they offer them as an op- 
tional feature. In the proximate audience use en- 
vironment, it is often necessary to install electric 
matches through small holes in hardware (e.g., 
into flash pots and concussion mortars) or into 
small preload devices. Such installation often 
precludes the use of shrouds and tends to obviate 
the benefits of safety shrouds because of their use 
in a more physically protected environment. 


, a Safety Shroud 


= Leg Wires 


a 
RRR ott 


E-Match 


Figure 5. Illustration of a typical electric match 
with its molded safety shroud in place (not to 
scale). 


While the safety shroud acts to direct the com- 
bustion products of the electric match ignition 
out its open end, it is generally thought that the 
primary purpose of the shroud is to protect the 
electric match and thus reduce its sensitiveness 
to accidental ignition. Accordingly, the electric 
matches in this study that were supplied with 
safety shrouds were also subjected to impact sen- 
sitiveness testing with their shrouds in place. 
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The safety shrouds found on the Daveyfire and 
the Luna Tech OXRAL electric matches are spe- 
cially molded, similar to that shown in Figure 5. 
The soft plastic appears to be polyethylene, and 
although removable, the matches were supplied 
with the shrouds already in place. The shrouds 
for the Martinez Specialties electric matches were 
short lengths of soft plastic or rubber tubing (ap- 
parently a type of silicone or Tygon® tubing) 
and needed to be installed on the electric matches 
by the user when desired. Because of the electric 
match’s somewhat arrowhead shape, this was 
fairly easy to accomplish and the safety shrouds 
tended to stay in place reasonably well. 


The shrouded electric match impact sensitive- 
ness testing was conducted using much the same 
method as used in the testing without the pres- 
ence of safety shrouds. However, those electric 
match types not supplied with shrouds were not 
retested. One modification to the test configura- 
tion was that the electric matches were held in 
place on a piece of card stock (0.010 in.) using a 
small piece of cellophane tape. (See Figure 6.) 
This was to help hold the shrouded electric 
matches in the same orientation as in the testing 
without shrouds. In the shrouded electric match 
tests, there were generally approximately 20 sepa- 
rate test impacts for each electric match type, 
again using the stair-step (Bruceton) method.”! 
The results of the testing are also presented in 
Table 2, with the data designated as “S-1”, where 
“S” indicated that the electric matches had their 
shrouds in place, and the “1” indicated that the 


<————_ Impact Force 


Cellophane 
HF . Tape 

Safety Shroud 

E-match Tip 


Card Stock 
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Figure 6. End-on, cross-sectional illustration of 
the configuration used for shrouded electric 
match impact testing. 
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1-kg drop hammer was used. 


For those electric match types for which pre- 
vious impact tests without a shroud produced a 
50% impact sensitiveness height of at least 96 
inches (equivalent for the %-kg drop hammer) 
no testing was performed with safety shrouds in 
place. This is because it was thought that the 
impact sensitiveness of these matches was al- 
ready so low as not to present a significant po- 
tential impact hazard during normal use. As ex- 
pected, for the five electric match types that 
were tested, it was found that the presence of the 
shroud provided a substantial decrease in impact 
sensitiveness. The decrease ranged from a factor 
of three to eight and averaged a factor of a little 
more than five. That is to say, with the shrouds 
in place approximately five times greater impact 
energies were required to produce an ignition. 
Obviously, the presence of the safety shrouds on 
those electric matches that were fairly sensitive to 
impact stimulus affords a substantial safety bene- 
fit, and display crews should be instructed to 
leave the safety shrouds in place. 


Electrostatic Discharge (ESD) 
Sensitiveness 


In these tests, ESD sensitiveness was deter- 
mined for two configurations. In the first series 
of tests, the electric discharge current was passed 
through the electric match bridgewire in much the 
same fashion as the intended firing current. This 
is illustrated in the upper drawing of Figure 7. In 
the second series of tests, the discharge current 
passed from the bridgewire through the pyro- 
technic composition to ground, as illustrated in 
the lower drawing of Figure 7. 


The high voltage discharge current used in 
this testing was provided by an instrument whose 
basic circuit diagram is shown in Figure 8. Each 
of the three main circuit components (R,, R,, and 
C) are removable so that their values can be se- 
lected as appropriate for the specific testing be- 
ing performed. For these electric match tests, the 
charging resistor (R,) was always 3.3 megohms, 
the series resistor (Rs) was always 100 ohms, and 
the charge storage capacitor (C) was varied be- 
tween 0.001 and 0.25 microfarads depending on 
the ESD sensitiveness of the particular type of 
electric match being tested. In each case, to as- 
sure the full charging of the storage capacitor, 
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gnd = 


Figure 7. Illustration of the two basic ESD test 
configurations used in this study. 


the instrument was operated such that the charg- 
ing time was at least 10 RC time constants. The 
maximum high voltage available from the power 
supply used in these tests was 6 kilovolts. In the 
first test configuration (ESD passing through the 
bridgewire), solid electrical connections were 
made directly to the individual electric match leg 
wires. For each electric match type, approxi- 
mately 20 individual discharge tests were per- 
formed, using the standard stair-step (Bruceton) 
method."”! 


Adjustable 


High Voltage 
Power Supply 


Figure 8. Circuit diagram for the ESD test 
apparatus used in this study. 


While it is more typical to perform ESD sensi- 
tiveness testing using a higher voltage (up to 
25 kV) than was used in these tests, it is thought 
that the lower voltages were a somewhat more 
realistic limit to the charge potential that might 
be developed on persons working at a fireworks 
display site in typical summer humidity. Another 
modification from more typical ESD testing con- 
ditions was the use of a series resistance of only 
100 ohms as opposed the commonly used value 
of 500 ohms, !'°! (or even 5000 ohms as used in 
some military ESD testing!'')), For human in- 
duced discharges, the series resistor is intended 
to be a substitute for the contact resistance of the 
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person delivering the ESD to an electric match. 
The choice of this lower resistance value was 
somewhat arbitrary; however, measurements in- 
volving a heavily sweating person confirmed 
that body resistances of no more than approxi- 
mately 100 ohms are common. 


The choice of series resistance for these tests 
is an important parameter, in that it determines 
the partitioning of energy between that delivered 
to the series resistance and that delivered to the 
item under ESD test. Ignoring impedances other 
than resistance, the ESD energy being provided 
divides proportionally between the two resis- 
tances (in this case, between the series resistor 
and the electric match). Accordingly, with a 2- 
ohm test item and a 100-ohm series resistor, ap- 
proximately 2% of the ESD energy is delivered 
to the test item. However, had a 500-ohm series 
resistor been chosen, only 0.4% (or 1/250) of the 
ESD energy would have been delivered to the test 
item. In addition to the 100-ohm body resistance 
being more likely, it was felt that using a 500- 
ohm series resistor in these tests might have given 
the reader a false sense of security regarding the 
ESD sensitiveness of electric matches under con- 
ditions typical of their use at fireworks displays. 


Through-the-Bridgewire Test Configuration 


The ESD sensitiveness test conditions and 
results for the through-the-bridgewire test con- 
figuration are presented in Table 3 with the des- 
ignation of “TBW” in the column labeled “Test”. 
The value of the charging capacitor for this test 
configuration ranged from 0.01 to 0.25 micro- 
farad (uF) depending on the approximate sensi- 
tiveness of the electric matches and is given in 
the column labeled “Cap.” The lowest ESD 
voltage used for each type of electric match and 
the voltage increment between the steps used for 
that electric match are given in the next two col- 
umns of Table 3, labeled “Min.” and “Step”, re- 
spectively. The next series of columns present the 
data from the individual test firings, where each 
pair of numbers is the number of ignitions and 
non-ignitions, respectively. The first of this series 
of columns, labeled “0”, has the data obtained 
using the minimum test voltage. The succeeding 
columns, labeled “1” through “6”, have the data 
obtained using stepwise increasing voltages. The 
final column of Table 3, labeled “Sens.”, presents 
the sensitiveness results given as the discharge 
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energies that produced ignitions in approximately 
50% of the tests. (Note that some degree of cau- 
tion is necessary in interpreting these results, be- 
cause the test conditions used in these tests were 
significantly different from those often reported 
in the literature. Accordingly, the values reported 
in Table 3 must not be compared with values re- 
ported elsewhere, unless an adjustment is made to 
account for those significant differences in test 
conditions.) 


Regarding ignitions produced by an ESD 
through the bridgewire, the electric matches can 
be roughly divided into four groups. Based on 
these limited results, it would seem that the 
Daveyfire A/N 28 B and BR, and the Martinez 
Specialties E-Max and E-Max Mini fall in the 
most sensitive group (70 to 80 mJ). A little less 
sensitive are the Aero Pyro, Luna Tech BGZD 
and OXRAL electric matches (100 to 120 mJ). 
Significantly less sensitive are the Daveyfire A/N 
28F and Martinez Specialties Titan electric 
matches (240 to 260 mJ). Substantially less sensi- 
tive still are the Luna Tech Flash electric matches 
(1900 mJ). 


As a point of comparison, consider that the 
approximate maximum ESD energy that can be 
developed on a typical person (200 pF and 
25 kV)""7! is on the order of 60 mJ. However, 
note that there are conditions under which a per- 
son can act as a conduit passing much greater 
ESD energy, from other objects that may be ca- 
pable of storing considerably larger charges than 
a human body stores. 


Electric match Tip Protective Coating 
Evaluation 


The electric matches examined in this study all 
have a protective coating over their pyrotechnic 
composition. This coating provides a level of pro- 
tection from physical damage during handling and 
use, as well as possible damage from exposure 
to moisture. The coatings also provide a signifi- 
cant degree of electrical insulation, which gener- 
ally limits the ability to cause an ESD from the 
bridgewire through the composition (and its coat- 
ing). However, imperfections are occasionally 
observed in the electric match coatings, such 
that discharges through the composition can po- 
tentially occur. These imperfections can occur as 
a normal consequence of manufacturing meth- 
ods or as a result of the electric match tip being 
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Table 3. Electrostatic Discharge Sensitiveness Test Results. 


Electric - Individual ESD Test Data‘® 
match ap. Min. | Step 
Type Test (uF)” (vy) (vy 0 1 2 3 4 5 6 


a) Two test configurations were used. TBW indicates the through-the-bridgewire configuration, and TC indicated 
through-the-composition configuration, the upper and lower configurations shown in Figure 7, respectively. 

b) This is the value of the storage capacitor (in micro farads—.F) labeled “C” in Figure 8. 

c) This is the minimum voltage used during the testing of this type of electric match using the configuration 
listed. 

d) This is the step size used (i.e., the voltage difference between the various stimulus levels). 

e) These are the number of ignitions and non-ignitions that occurred at this ESD test voltage. For example, 
“6/2” would indicate there were 6 ignitions and 2 non-ignitions at this particular voltage. The voltage is equal 
to the minimum voltage (c) plus the product of the step size (d) and the number of steps. 

f) This is the ESD energy that produced an ignition approximately 50% of the time. Because of the limited pre- 
cision of these results, the energy values for through-the-bridgewire test configuration (TBW) are reported to 
the nearest 10 mJ, or two significant figures, whichever is less precise. 

g) Because of the additional uncertainty associated with the removal of the protective coating, the energy values 
for through-the-composition test configuration (TC) are reported to only one significant figure. 

h) Because of some concern regarding whether the initially collected data was generally representative of these 
electric matches, some additional trials were conducted using a second production lot of the Luna Tech Flash 


matches. 
physically damaged (from crushing or abrasion) ent voids or holes) in their coatings. Figure 9 is a 
during handling and use. A close examination of collection of electron micrographs of such im- 
electric match tips from each of the suppliers, perfections observed for each of the various sup- 


revealed occasional visible imperfections (appar- 
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Figure 9. A collection of electron micrographs of imperfections found in some of the electric match 
tips from the various suppliers, with the image on the right being a close-up view of the imperfection. 
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pliers’ electric matches. (It should be mentioned 
that only one example of a coating imperfection 
was found for the Aero Pyro matches, shown in 
Figure 9. Further, because those matches are ap- 
parently coated twice, and the imperfection was 
only in one of the coating layers, thus even in 
that one case there was ample ESD protection.) 


To evaluate the nature of the electric match 
coating imperfections, a megohm meter, specifi- 
cally designed to make high resistance measure- 
ments, was used to measure coating-to-bridge- 
wire resistances. In stark contrast to typical re- 
sistance measuring instruments, this instrument 
applies a test voltage up to 200 volts (but with 
very limited current). The intention is that these 
higher voltages would induce dielectric break- 
downs in imperfect electric match tip coatings 
similar to those produced during an ESD event. 
One terminal of the instrument was connected to 
the electric match leg wires, and a test probe— 
with a small rounded tip—was connected to the 
other terminal of the instrument. The probe was 
moved over the electric match tip looking for 
points with relatively low resistance. (Only those 


areas of the match tip where pyrotechnic compo- 
sition was present were investigated.) In most 
instances, the coatings on the electric matches 
were found to provide a resistance of more than 
the maximum instrument reading, 500 megohms 
(MQ); however, a fair number of electric match 
tips had one or more points on their coating 
where relatively low resistance values were 
found. The point on the electric match tip found 
to have the lowest resistance value was noted for 
each of a collection of ten electric matches of 
each of the ten types. Table 4 has those individ- 
ual resistance values, plus both the minimum 
point resistance observed for any electric match 
tip in each group of ten tips of the same type and 
the average of the minimum resistance values 
for each set of ten electric matches. (For com- 
parison, note that the resistance of unglazed 
Black Powder grains (20 mesh) was found to be 
in excess of 500 MQ, and the resistance of 
glazed Black Powder grains was found to be less 
than 1 MQ.) Because of a fairly large uncer- 
tainty in the resistance measurements, all values 
in Table 4 are reported to only one significant 
figure. (Further, given the nature of dielectric 


Table 4. Minimum Electric Match Tip Coating Resistance Measurements.” 


Electric 


Lowest Resistance 


Lowest Resistance of Each Electric match Tip (MQ)”) 


Pat 2t3y4)/s5{[e6}7] 39 {10 | 


a) Because of a fairly large uncertainty in the resistance measurements, all values are reported to only one sig- 


nificant figure. 


b) This is the lowest single point resistance, in megohms (MQ), found on each of ten individual electric matches 
of this type. The reporting of a value of 500 means that at no point on the surface of the electric match tip was 


the resistance found to be less than 500 MQ. 


c) This is the lowest single point resistance value found on any of the ten individual electric match tips. 


d) This is the average of the lowest single point resistances for the collection of ten electric matches. When the 
lowest resistance value for an individual electric match was >500 MQ, a value of 500 MQ was used. When 
the lowest resistance value was <1 MQ, a value of 0 was used. 
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breakdown, the resistance values are expected to 
depend on the measurement voltage.) 


Through-the-Composition Test 
Configuration 


A limited number of through-the-composition 
ESD sensitiveness tests were conducted. This 
was accomplished by connecting the positive 
terminal of the ESD test apparatus to the shunted 
pair of leg wires of an electric match, connecting 
the negative terminal of the ESD tester to a steel 
post, causing the electric match tip to be held in 
loose contact with the metal post, and applying 
the ESD energy. As might have been expected, 
the stair-step (Bruceton) method of testing pro- 
duced highly variable results. When the electric 
match tip was well coated, there were no ignitions 
even with high discharge energy. When there 
was a significant imperfection(s) in the electric 
match tip coating, there were ignitions even at 
low discharge energies. To that extent, the testing 
served as more of an indicator of when there was 
a significant coating imperfection as opposed to 
being purely an indication of the ESD sensitive- 
ness of the electric match composition. 


Accordingly, the test was modified from the 
normal stair-step method. Instead, a collection of 
ten electric match tips of each type were a tested 
using a relatively high voltage but storing only a 
relatively low energy (6 kV with a charging ca- 
pacitor of 0.001 UF to store energy of 18 mJ). In 
most cases, when the test produced no ignition 
of the electric match composition, the ESD spark 
passed harmlessly over the coated surface of the 
match. Whenever the first discharge produced no 
ignition, the same electric match was subjected 
to two more discharges of the same energy. (On 
several occasions, an ignition did occur on the 
second or third discharge. When this happened, 
it was considered the same as if it had occurred 
with the first discharge. This was done even 
though the previous ESD events could have acted 
to damage the coating to some extent.) 


The results of this testing are presented in Ta- 
ble 5 in the column titled “18 mJ”, as the number 
of ignitions in ten trials. Of the ten tests of elec- 
tric matches of each type, when less than two of 
them ignited using the 18 mJ stored ESD energy, 
the test was repeated using a higher discharge 
energy. In this case, another set of ten electric 
matches was subjected to ESD energies of 180 mJ 
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(6 kV using an 0.01 UF capacitor). The results of 
these tests are also reported in Table5, in the 
column titled “180 mJ”, as the number of igni- 
tions out of ten trials. (Note that in those cases 
where the manufacturer had provided electric 
matches with safety shrouds, those shrouds were 
removed prior to testing.) (It must be expected, 
under the conditions of these tests, that only a 
fraction of the energy stored in capacitor C in 
Figure 8 was successfully delivered to the ESD 
event.) 


Based on the observation of electric match 
coating imperfections, low coating resistances 
and the electric match ESD test results reported 
in Table 5, it seems obvious that coating imper- 
fections afford the ability for ESD events to pass 
from the bridgewire through the pyrotechnic 
composition of the match tip. Further, it must be 
expected that at least on some occasions, dam- 
age to electric match tips during use might be 
sufficient to introduce discharge paths through 
the composition of electric matches with initially 
perfect coatings. (Shrouded electric match tips 
must be significantly less prone to being dam- 
aged during use, but in extreme cases, even they 
could be damaged.) Accordingly, since the ESD 
protection offered by the electric match coatings 
can be, or can become compromised, it was de- 
cided to perform additional tests to determine the 
ESD sensitiveness of the exposed electric match 
compositions themselves. 


For these tests, a small portion of the protec- 
tive coating on the tip of each test electric match 
was intentionally removed with emery paper 
before testing. This was done in an attempt to 
simulate a significant imperfection in the electric 
match coating or the damage that might occur 
during prolonged or rough handling and use. In 
this test series, one terminal of the ESD appara- 
tus was connected to the shunted pair of electric 
match leg wires, the other terminal of the ESD 
tester was connected to a metal post, the match 
tip was held in loose contact with the metal post, 
and the ESD energy applied. For each electric 
match type, approximately 20 individual dis- 
charge tests were performed, using the standard 
stair-step method.”! The data and results of these 
through-the-composition electric match sensi- 
tiveness tests are also presented in Table 3, where 
the test configuration is indicated as “TC”. The 
sensitiveness is reported as the discharge energy 
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Table 5. Additional Through-the-Composition ESD Test Results. 


Electric 


Number of Ignitions in 10 trials 
match | Without Shroud” 


With Shroud — 18 mJ‘ 


Type |18mJ [180 mJ 


g/BP [u/BP® | Air” 


Neca nyatl axe thoes has 
iS ee ee Oa 
3 0 


a) These tests were performed at 6 kV. To store an ESD energy of 18 mJ, a 0.001 uF charging capacitor was 
used. To store an ESD energy of 180 mJ, a 0.01 UF capacitor was used. 


b) For those electric matches supplied with safety shrouds, they were removed for these tests. 


c) These tests were only performed for the electric matches with safety shrouds, and they used the lower stored 
ESD energies of 18 mJ. The “—” symbol is meant to indicate those electric matches not supplied with safety 


shrouds, which were not tested. 


d) The “g/BP” column is the number of ignitions that occurred when the end of the safety shroud was filled with 


glazed Black Powder. 


e) The “u/BP” column is the number of ignitions that occurred when the end of the shroud was filled with 


unglazed Black Powder. 


f) The “Air” column is the number of ignitions that occurred when nothing filled the end of the shroud. 


g) These electric match types were not tested at the higher ESD energy because there were at least two ignitions 


at the lower energy. 


that produced an ignition in approximately 50% 
of the tests. (Note that in those cases where the 
manufacturer had provided electric matches with 
safety shrouds, those shrouds were removed 
prior to testing.) 


Regarding ignitions produced by an ESD from 
the bridgewire through the pyrotechnic composi- 
tion when the coating is imperfect or damaged 
(and without safety shrouds), the electric matches 
can be roughly divided into four groups. Based 
on these limited results, it would seem that the 
Aero Pyro and Daveyfire A/N 28 B and BR 
electric match compositions fall in the most sen- 
sitive group (0.5 to 0.8 mJ 50% ignition energy). 
Somewhat less sensitive (2 to 6 mJ 50% ignition 
energy) are the Daveyfire A/N 28 F, Luna Tech 
Flash and OXRAL, and Martinez Specialties E- 
Max and E-Max Mini electric match composi- 
tions. Still less sensitive (20 mJ 50% ignition 
energy) are the Luna Tech BGZD electric 
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matches. Surprisingly, less sensitive yet (1000 mJ 
50% ignition energy) are the Martinez Special- 
ties Titan electric matches. 


Asa point of comparison, consider that these 
through-the-composition (TC) ESD ignitions 
were produced using roughly 100 times less en- 
ergy than those occurring through the bridgewire. 
Accordingly, through-+the-composition discharges 
represent a much greater risk of accidental ESD 
ignition. Further, shunting the electric matches 
has no effect in reducing this hazard. Finally, note 
that most of these 50% ESD ignition energies are 
a small fraction of the approximate maximum 
ESD energy (approximately 60 mJ) that can be 
developed on a typical person (200 pF and 
25 kV), 


Effect of Safety Shroud and Black Powder 


The appearance and design of the safety 
shrouds, for those electric matches supplied with 
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them, were illustrated above in Figures 2 and 5. 
The ESD sensitiveness testing with shrouds in 
place was conducted using much the same method 
as the through-the-composition testing without 
shrouds. However, only those electric match types 
supplied with safety shrouds were tested. The 
electric matches were used as supplied (i.e., with- 
out altering the protective coating over the pyro- 
technic composition). One point of electric con- 
tact was the shunted leg wires of the electric 
match, and the other point of electric contact was 
a flat piece of metal placed across the end of the 
shroud. In each test, a stored energy of only 18 mJ 
was used (6 kV stored in 0.001-UF capacitor and 
discharged through a 100-ohm series resistance). 


To test for a variety of possible use condi- 
tions, three test configurations were used. In one 
series of tests, the safety shroud was filled with 
fine-grained glazed Black Powder (20 mesh). In 
a second series of tests, the shroud was filled 
with fine-grained unglazed Black Powder. (Re- 
call that the resistance of glazed Black Powder 
grains was less than 1 MQ, and the resistance of 
unglazed Black Powder grains was found to be 
in excess of 500 MQ.) In the third series of tests, 
the shroud was left empty. In each configuration, 
a total of ten electric matches were tested. The 
results of the testing are presented in the last 
three columns of Table 5. 


When filling the safety shroud with glazed 
Black Powder, note that the presence of the safety 
shroud apparently provided no decrease in ESD 
sensitiveness; compare column 4 (“g/BP”) with 
column 2 (“18 mJ” “without shrouds”) of Table 5. 
It would seem the reason is that glazed Black 
Powder is fairly conductive because of its graph- 
ite coating, thus allowing the discharges to gain 
access to the electric match tips and any imper- 
fections in their coating. In contrast, note in col- 
umn 5 (“u/BP”) that when unglazed Black Pow- 
der was used to fill the shroud, there was nearly 
a total elimination of ignitions (for all but Luna 
Tech’s OXRAL electric matches). Given that the 
typical grain resistance of unglazed Black Pow- 
der exceeds 500 MQ, such a reduction in the 
number of ignitions was expected. Finally, in 
column 6 (“Air”) the test with empty (air-filled) 
shrouds produced virtually the same results found 
for the tests using unglazed Black Powder. 


In the test results for safety shrouds filled with 
unglazed Black Powder and for empty shrouds, 
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the Luna Tech OXRAL electric matches stand- 
out as a notable exception to the reduction in the 
number of ESD ignitions produced. The appar- 
ent reason for this is the limited distance be- 
tween the end of the electric match tip and the 
end of the shroud. Typically, this distance is only 
approximately 0.03 inch (0.75 mm) for the 
OXRAL electric matches and, under the condi- 
tions of these tests, the distance was short enough 
to allow a discharge to take place even without 
partially conductive material filling the shroud. 
(See again Figure 2.) In contrast, the typical dis- 
tance for the Daveyfire electric match types was 
approximately five times greater (approximately 
0.15 inch or 3.8mm) and sufficiently great to 
usually prevent a 6 kV ESD from taking place. 
In the case of the Martinez Specialty matches, 
which use short lengths of tubing as safety 
shrouds to be installed by the user, it is possible 
to install the shroud with a range of distances 
between the end of the electric match tip and end 
of the shroud. For these tests, the electric match 
tips were installed so that the widest end of the 
electric match tip (its leg wire end) was pushed 
just slightly inside the length of tubing supplied. 


Additional ESD Discussion 


It is perhaps worth reiterating that an ample 
and well-applied protective coating can offer a 
high degree of ESD protection. Note that the Aero 
Pyro electric matches apparently have a two- 
layered protective coating. Accordingly, while 
their composition is among the most ESD sensi- 
tive, these electric matches tied for producing 
the least number of intact electric match tip igni- 
tions (zero in ten tests). They equaled the per- 
formance of the Martinez Specialty Titan elec- 
tric matches, which use a composition with ap- 
proximately a thousand times less ESD sensitive- 
ness. (See again Tables 3 and 5.) 


At the time of this writing, it was unclear why 
two of the Titan electric matches ignited with only 
180 mJ of energy in the intact electric match tip 
ESD tests when the 50% ignition energy was 
found to be more than five times higher. Laib!’?! 
has suggested that this might be caused by a par- 
ticularly high percentage of conductive metal par- 
ticles in the composition. If so, when the coating 
is intact, the spreading of the discharge energy 
across numerous potential conductive paths is 
inhibited by the presence of surface dielectric. In 
that case the discharge is relatively confined to 
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fewer discharge paths in the vicinity where di- 
electric breakdown through the coating occurs. 
When the coating is damaged, more surface con- 
ductors are available along with more numerous 
paths through the material, thus reducing the av- 
erage ohmic heating available per path, leading 
to higher required ignition energies. 


In interpreting the ESD sensitiveness data 
presented here, some degree of caution is neces- 
sary. The reason is that the conditions for these 
tests were substantially modified from those 
commonly used. (This was done in an attempt 
more nearly to duplicate the typical conditions 
during electric match use in the field.) Accord- 
ingly, the results reported in this article should 
not be directly compared with other data reported 
in the general pyrotechnic literature, unless ad- 
justing for the different test conditions being used. 


Probably the most important conclusion to be 
drawn from this study is that, while there is a 
very wide range of sensitiveness to ESD ignition, 
under some conditions all of the electric match 
types could be ignited by an accidental dis- 
charge. (If not as a result of an ESD from a per- 
son through an electric match with a perfect 
coating, consider the possibilities of damaged 
electric match tips or something like a nearby 
stroke of lightning.) Further, in almost all cases 
the ESD energy capable of initiating an electric 
match by a discharge through the composition is 
very much less than that required for a discharge 
through the bridgewire. (Note that shunting the 
electric match leg wires provides no protection 
against such through-the-composition discharges.) 
Finally, some of these 50% ignition energies are 
so small that they are less than a typical person 
can feel.!"7! 


Friction Sensitiveness 


Normal Configuration 


The standard method of friction sensitiveness 
testing is illustrated in Figure 10. This method 
works well for loose powders; however, in this 
case, friction sensitiveness for the intact electric 
match tips was being sought. Unfortunately, dur- 
ing testing it was found that the standard method 
was mostly unsatisfactory for intact electric 
match tips. Often the electric match tips just slid 
loosely along the surface in front of the striker 
without ever being caught forcefully between 
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the striker and the abrasive surface. Accord- 
ingly, the test setup was modified to use the 
electric match tip itself as the striker. The tip 
was supported from behind and held at an ap- 
proximate 45° angle to a moving abrasive sur- 
face, #100 grit sand paper (see Figure 11). To 
configure the test to be somewhat consistent 
with anecdotal accounts of accidents, it was 
thought that the force holding the electric match 
tips against the abrasive surface should be fairly 
low and the rate of movement along the surface 
should be fairly high. The combination of a 
force of 0.33, 0.67 or 1.35 pounds (1.5, 3.0 or 
6.0 N) at a rate of movement of 10 feet per sec- 
ond (3 m/s) was found to be reasonably effective 
for the range of electric match friction sensitive- 
ness of the various electric match types. It must 
be acknowledged that the test conditions were 
quite severe (with the electric matches being 
quickly sanded into non-existence) and that some 
ignitions could have been produced as a result of 
frictional heating of non-pyrotechnic elements in 
the electric matches as they abraded away. 


Constant Downward 
Force on Striker 


Sample 


Location 
= 


Motion of Anvil 


—_ 


Figure 10. Simplified illustration of a typical 
friction test apparatus. 


Each test consisted of a set of three trials of 
the same electric match type and same downward 
force. For those electric match types failing to 
ignite at least once during the three trials with 
the applied force, the next greater force was used 
for another set of three electric matches. For dif- 
ferent electric match types found to ignite with 
the same applied force, their times-to-ignition 
were used to discriminate between them in terms 
of sensitiveness. Ignition times were determined 
by video taping each test, then playing back the 
tape and counting the number of individual (1/60 
second) video fields elapsing before ignition 
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Match Tip 
Angle ~45° 
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Figure 11. Photographs of the friction test 
setup as modified for electric matches. There is 
a time lapse of 1/60" second between images. 


occurred. The raw data from this friction sensi- 
tiveness testing and the results are presented in 
Table 6, with the ignition times in the set of col- 
umns labeled “w/o BP”, indicating the testing was 
performed without Black Powder being present. 
(Note that the testing was performed on bare elec- 
tric matches without the safety shroud present.) 


Friction sensitiveness of the electric matches 
was found to fall into three groups. In the most 
sensitive group were the Aero Pyro, Daveyfire 
A/N 28 Band A/N 28 BR, and the Martinez Spe- 
cialty E-Max and E-Max Mini; all these electric 
matches ignited with an applied force of 1.5 N 
(0.33 Ibf). Less sensitive were the Luna Tech 
BGZD and OXRAL electric matches, which re- 
quired an applied force of 3.0 N (0.67 Ibf) for 
ignition. Substantially less sensitive still (failing 
to ignite even with an applied force of 6.0 N 
(1.35 lbf) were the Daveyfire A/N 28 F, Luna 
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Tech Flash, and Martinez Specialty Titan elec- 
tric matches. 


Configuration with Black Powder and Safety 
Shrouds 


There are a number of anecdotal reports of 
accidental ignitions occurring when electric 
matches were being forcefully removed from 
aerial shell leaders where the electric match was 
in contact with the Black Powder coating on the 
black match fuse. Accordingly, it was thought to 
be appropriate to attempt to determine whether 
added friction sensitiveness resulted from the 
presence of Black Powder. In this case, each test 
electric match was coated with a slurry of Black 
Powder (fine meal powder bound with 5% dex- 
trin) and allowed to dry thoroughly. (Note that 
the testing was performed on bare electric 
matches without the safety shroud present.) In 
this series of tests, the same downward force 
was used as was found to be the minimum capa- 
ble of producing ignitions without the presence 
of Back Powder. Using this force, the average 
time to ignition for a series of three Black Pow- 
der coated electric matches was determined. If 
the presence of Black Powder had little or no 
effect on friction sensitiveness, it would be ex- 
pected that the average time to ignition would be 
roughly the same as found when testing without 
Black Powder. The raw data and results of this 
testing are presented in Table 6, with the ignition 
times in the set of columns labeled “w/ BP”, in- 
dicating the testing was performed with Black 
Powder being present. Note that the average 
times to ignition are all essentially unchanged 
(i.e., for these test conditions, apparently no in- 
creased friction sensitiveness resulted for any 
electric match in the presence of Black Powder). 


Additional friction sensitiveness testing was 
not performed with safety shrouds present on the 
electric matches. This is because, during normal 
use or even abuse, so long as the shrouds survived 
and stayed in place, it could not be imagined that 
an ignition would be produced due to friction. 
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Table 6. Results of Friction Sensitiveness Testing. 


a) 
b) 


c) 


d) 


E-match Force Time to Ignition w/o BP (s) Time to Ignition w/ BP (s) 


(N)? 1 : 2 | 3 Sa 1: 2 : 3 = 


) 


Oi37-22:0; : 0.23 3 23: 0. : 0.25 2 


This is the minimum applied force that produced at least one ignition during testing. 

This is the average time-to-ignition for a set of three electric matches without the presence of Black Powder. 
“n/?’ means no ignition(s) occurred. 

This is the average time-to-ignition for a set of three electric matches in the presence of Black Powder. “n/i” 
means no ignition(s) occurred. 

There were one or two non-ignition(s) observed. The average time to ignition was calculated using twice the 
longest time-to-ignition as the time for each electric match failing to ignite during the test. This value is re- 


ported to only one significant figure. 


Thermal Sensitiveness 


The initial attempt at determining thermal sen- 
sitiveness of the complete electric match tips was 
to insert the various matches into a series of six 
small wells, 0.25-inch (6-mm) diameter and 0.5- 
inch (12-mm) deep, drilled into a block of alumi- 
num that was heated electrically. See Figure 12 
for an illustration of the thermal test apparatus. 
The temperature of the block was monitored us- 
ing a thermocouple inserted into one of the six 
wells. The power to the electric heating element 
was adjusted to provide approximately a 5 °C per 
minute rate of temperature rise in the wells. In 
preparation for the test, five electric matches of 
the same type (after cutting off their leg wires) 
were loaded into the available wells. Then, start- 
ing at room temperature, the block was heated, 
and the test continued until all of the test electric 
matches ignited or until a temperature of 300 °C 
was reached. Although the temperature of each 
ignition was noted, the lowest temperature at 
which any of five test electric matches ignited 
was considered an indication of their thermal 
ignition sensitiveness and is reported as “Ramp” 
ignition temperature in Table 7. 
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Test Well 


Electric 
Heater 


Aluminum 
Block 


Figure 12. Illustration of the thermal 
sensitiveness test apparatus. 


Even though the rate of temperature rise in 
the initial testing was fairly rapid (approximately 
5 °C per minute), it was found that most of the 
electric matches being tested decomposed during 
the heating period without actually igniting. Ac- 
cordingly, a second series of tests was performed. 
In these tests, the thermal block was pre-heated 
to a specific temperature. Then a single electric 
match tip (with leg wires removed) was placed 
into a well. The time taken for that electric 
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Table 7. Results of Thermal Sensitiveness Testing. 


Ramp Ignition Temperature 
Electric 


Time to Ignition (s) 


at the Indicated Temperature (°C) 


a) These are the ramp ignition temperatures for each of five electric match tips tested. Values are listed in order 
of increasing temperature. The “>” indicates that no ignition occurred below 300 °C. 


b) The 5-second ignition temperatures were determined graphically and are reported to the nearest 5 °C. 


match to ignite was noted; if the time exceeded 
60 seconds, the test was terminated for that tem- 
perature. If the electric match did not ignite 
within 5 seconds, the temperature of the block 
was increased 20 °C, and the test was repeated 
using a new electric match tip. The data from 
this second series of thermal tests are reported in 
Table 7 as “Time to Ignition” at the tempera- 
tures specified. These times-to-ignition were 
plotted graphically to estimate the 5-second igni- 
tion temperature, which was reported in the final 
column of Table 7 to the nearest 5 °C. 


The temperatures found to produce electric 
match ignitions in these tests are all sufficiently 
high as to seriously discount the possibility that 
accidental ignitions caused by thermal sources 
are likely to be encountered during use on a 
fireworks display site. Accordingly, it was not 
thought to be appropriate to rank the different 
electric match types based on their thermal sen- 
sitiveness. 


It may be of interest to note that the Ameri- 
can Pyrotechnic Association is party to an ex- 
emption (DOT-E 11685) allowing the shipment 
of previously approved fireworks combined with 
previously approved electric matches. However, 
one requirement of that exemption is that the 
electric matches “be certified by the manufac- 
turer to be thermally stable at 150 °C for 24 
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hours”. While a test for this was not conducted, 
it may be worth noting that, in the ramp tem- 
perature tests, several of the electric match types 
ignited at only slightly higher temperatures. 


Additional thermal sensitiveness testing in the 
presence of Black Powder was not performed. 
This is because the exterior of the electric matches 
has a protective coating, and there is no oppor- 
tunity for the electric match composition to have 
direct contact with the Black Powder. Accord- 
ingly, it is believed that the possibility of the 
presence of Black Powder having a significant 
effect on the thermal sensitiveness of electric 
matches is rather remote. For much the same 
reason, there was no thermal sensitiveness test- 
ing of electric matches with their safety shrouds 
in place. 


Conclusion 


Although a large number of individual tests 
were performed, it is important to recall that this 
sensitiveness testing was limited in scope and 
that it must only be considered a screening study. 
Further, many of the standard tests were modi- 
fied somewhat in an attempt to better characterize 
the electric matches in an environment similar to 
their use for fireworks displays. Accordingly, 
the statistical precision achieved is only suffi- 
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cient to approximately characterize and rank the 
sensitiveness of the various electric matches, and 
then only under the specific conditions of this 
testing. For electric matches producing similar 
results, had additional electric matches been 
tested or had the conditions been somewhat dif- 
ferent, it is possible that slightly different results 
would have been found. 


One further caution is that the electric matches 
tested were supplied in late 1999. Accordingly, 
there is no guarantee that current production elec- 
tric matches have the same sensitiveness charac- 
teristics as observed in the tests reported herein. 


While a large range in sensitiveness was ob- 
served for the different electric matches under 
various conditions, none was found to be so ex- 
tremely sensitive as to preclude their safe use 
providing appropriate care and safety measures 
are taken during their use. Probably the single 
most appropriate safety measure is to educate 
fireworks display crews of the potential for acci- 
dental ignition of electric matches, and the 
measures to take to minimize both the probabil- 
ity and the consequences of an accidental igni- 
tion. One obviously appropriate safety measure 
is to leave the safety shrouds in place on electric 
matches to be used in any situation where they 
could be subject to physical abuse. 


In selecting a supplier of electric matches, it 
is generally thought to be appropriate to use the 
least potentially dangerous materials that will 
successfully and reliably (and economically) per- 
form the needed task. Unfortunately, this study 
has only reported on the sensitiveness and not on 
the performance of those electric matches stud- 
ied. In an attempt to provide some of the addi- 
tional information needed for users to make the 
best choice in their selection of electric matches, 
a second study is under way to characterize the 
performance of the same ten types of electric 
matches. As the individual testing is being com- 
pleted, those results are being reported."! 
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Sodium / Potassium Ratio and Hygroscopicity of 
Civil War Era Black Powder 


K. L. and B. J. Kosanke 


Several years ago a sample of Black Powder, 
which had previously been recovered from US 
Civil War era cannon balls (ca. 1865), was made 
available for analysis. This made possible a brief 
comparative study of the Civil War era sample 
and one representing currently produced Black 
Powder. That study found the performance of 
the Civil War era powder sample to be roughly 
comparable to current production Black Pow- 
der.'" Following that initial study, a very brief 
study was conducted regarding the purity of the 
potassium nitrate used in the Civil War era pow- 
der sample. Specifically, the molar percentage of 
sodium to potassium was determined, and those 
results were compared with the results from two 
more recently produced powders. This was of 
interest because it was speculated that the potas- 
sium nitrate in the Civil War era Black Powder 
might have been of lower purity with regard to 
the amount of sodium present (potentially as 
sodium nitrate). If that were the case, it might 
contribute to the susceptibility of the powder to 
absorb moisture, potentially leading to its de- 
graded performance under battle field conditions. 


The samples for analysis were prepared by 
the prolonged agitation of small portions of 
Black Powder in hot (near boiling) water, fol- 
lowed by filtration and washing of the residue 
with additional amounts of hot water. (Note that 
this method may have also extracted some com- 
ponents of the ash in the charcoal. However this 
is thought to be of relatively little consequence.) 


The resulting aqueous solutions were then ana- 
lyzed spectroscopically to determine the ratio of 
sodium to potassium, using their emissions at 
approximately 589 and 768 nm, respectively. (For 
analysis, the samples were aspirated into a gas 
flame to produce the emissions, which were then 
analyzed using an Ocean Optics CHEM2000 
spectrometer.) For calibration, a 0.1 molar stan- 
dard solution with a sodium to potassium mole 
ratio of 5.0% was used. Table 1 presents the re- 
sults of the analyses. 


Before discussing these results, a note of cau- 
tion is appropriate. Only one sample of the Civil 
War era and Dupont powders were available for 
analysis, where it would have been preferable to 
have analyzed multiple representative samples 
of each powder type. Further, while it is not 
thought to have produced any interference, it 
would have been preferred that the standard so- 
lution contained somewhat less sodium. None- 
theless, for the samples analyzed, it seems clear 
that the relative amount of sodium in Black 
Powder has increased substantially over the years. 
The Dupont powder (ca. 1950) was found to have 
approximately 4 times the amount of sodium 
found in the Civil War era powder sample; and 
the Goex powder was found to have approxi- 
mately 12 times the amount of sodium. Accord- 
ingly, the supposition that the sample of Civil 
War era Black Powder might have been made 
using potassium nitrate with a higher concentra- 
tion of sodium than current production powder 


Table 1. Sodium to Potassium Ratios for Solutions Prepared from Black Powder Samples. 


Approximate | Peak Ratio | Mole Percent | Relative 
Source Date of Mfg. | (Na/K) (Na to K) Amount 
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was definitely not found to be correct. Somewhat 
surprisingly, the more modern powders contain 
substantially more sodium. 


The relatively high sodium to potassium ratio 
found in the solutions prepared from the Black 
Powder samples does not necessarily correspond 
to a high susceptibility to problems with mois- 
ture absorption. Accordingly, it was decided to 
proceed with determination of the moisture ab- 
sorbing tendency (hygroscopicity) of the three 
different era powder samples. This was accom- 
plished by first reducing the size of the powder 
grains with a mortar and pestle to approximately 
100 mesh. This was done to eliminate any dif- 
ferences from the powder samples being of dif- 
ferent granulations. However, it also reduced the 
length of time taken for the powder samples to 
reach their equilibrium moisture contents, after 
being placed in various constant humidity envi- 
ronments (hygrostats). Following particle size re- 
duction, the samples (each a little over 3 grams) 
were dried for 4 hours at a temperature of 110 °C. 
(Note that this temperature was more extreme 
than the conditions for drying used in moisture 
determination according to the current military 
specification.”! The reason for using the higher 
temperature was simply to be assured of the 
complete dryness of the samples before testing.) 


The constant humidity chamber used in this 
study was a large glass desiccator with the des- 
iccant removed and a tray containing one of a 
series of saturated aqueous solutions installed in 
its place. Depending on the nature of the satu- 
rated solution (and the temperature in the lab, 
17°C) various constant humidity levels were 
produced." *! Using saturated solutions of lith- 
ium chloride, potassium carbonate, ammonium 
nitrate, sodium chloride, strontium nitrate, and 
barium chloride, relative humidity levels of 11, 
43, 67, 76, 88 and 92 percent were produced in 
the test chamber. In each case the time of expo- 
sure was approximately two days, which is about 
twice as long as it took for the samples to come 
to equilibrium. (In each case, this was confirmed 
by continuing exposures until no further mois- 
ture was acquired by the samples). All three 
samples were placed in the humidity chamber at 
the same time, and their exposure was begun 
using the solution producing the lowest relative 
humidity level. Following exposure at one hu- 
midity level, the samples were removed, covered 
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and weighed. Then the tray of saturated solution 
was replaced with the one producing the next 
higher relative humidity level. (As a point of 
reference, note that the humidity level sufficient 
to cause moisture to collect on pure potassium 
nitrate, at the temperature of the lab, is 95%, a 
little higher than the maximum relative humidity 
used in these measurements.) 


Table 2 lists the percentage weight gain for 
each of the three samples for each relative hu- 
midity exposure level, and these values are pre- 
sented graphically in Figure 1. As suspected, the 
current production Black Powder (Goex), with the 
greatest sodium content, experienced the great- 
est weight gain upon exposure to humidity (i.e., 
it was the most hygroscopic). However, based 
on its lower sodium content in comparison to the 
Dupont powder, it had been anticipated that the 
Civil War era powder would be the least hygro- 
scopic. Instead it was found that the Civil War 
era and Dupont powders both gained about the 
same amount of weight (moisture), with the Du- 
pont powder gaining slightly less. 


Table 2. Percentage Weight Gain for 
Samples of Black Powder as a Function of 
Relative Humidity Exposure. 


Weight Gain (%) 


Relative 


Humidity (%) 


Since the results of the hygroscopicity meas- 
urements for the Civil War era and Dupont Black 
Powders were somewhat unexpected, perhaps it 
worth speculating as to the reason. It is thought 
that the results (percentage weight gains) are 
correct for two reasons: 1) for each of the hu- 
midity exposures, the Dupont powder always 
gained less than the Civil War era powder, and 
2) the initial weights were confirmed by re- 
drying the powder samples after the highest hu- 
midity exposure. This leaves the sodium to po- 
tassium ratio measurements potentially suspect. 
While it would have been appropriate to redo 
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Figure 1. Percent mass gained as a result of 
exposure to various relative humidity levels. 


these determinations, that was not done for four 
reasons: 1) the necessary instrument was in the 
process of being reconfigured and would not be 
available for some time, 2) interest in this pro- 
ject relative to other ongoing projects had dimin- 
ished substantially, 3) it is possible that the so- 
dium to potassium results are fully correct (see 
below), and 4) the answer to the question initially 
being raised was already in hand (see below). 


First consider the possibility that the sodium 
to potassium ratios were indeed correct. It would 
seem possible that the relatively higher sodium 
content of the Dupont powder (compared with 
the Civil War powder) was in a form that was 
successfully extracted after the prolonged agita- 
tion in hot (near boiling) water, but which was 
mostly non-hygroscopic, even at the highest 
relative humidity exposure used in these tests. 
One example of how that might occur, could be 
that much of the sodium in the Dupont powder 
was bound in some non-hygroscopic form, pos- 
sibly associated with the charcoal in the powder. 


Next consider the initial supposition, regard- 
ing whether battle field humidity was likely to 
have been especially detrimental to the perform- 
ance of the Black Powder being used during the 
Civil War. Based on the weight gain measure- 
ments of the sample tested, this would clearly 
seem not to have been the case, since the current 
production powder was found to be the most 
hygroscopic. The fact that the Dupont powder 
apparently was slightly less hygroscopic than the 
Civil War era powder tested is interesting but 
not particularly relevant to the question initially 
posed. 
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DOT Exemption for Display Fireworks 
with Electric Matches Attached 


K. L. and B. J. Kosanke 


Background 


Several years ago the US Depatunent of 
Transportation granted an exemption!! ! that, un- 
der certain conditions, “authorizes the transpor- 
tation in commerce of Division 1.3 and 1.4 dis- 
play fireworks with igniters (electric matches) 
attached to either the fuse or the lift charge.” 
Because of concern regarding one of the specific 
provisions of that exemption, a brief study was 
undertaken. This short article discusses that con- 
cem and reports on the results of the study. (A 
restatement of the full set of conditions that must 
be met is beyond the scope of this article, see 
reference 1.) 


The specific provision that gives rise to con- 
cern is the requirement that the electric match 
attached to the firework must have its safety 
shroud in place if the electric match is in the lift 
charge, but the safety shroud is not required if it 
is securely attached to the shell leader fuse (see 
Reference |, paragraphs 8fand g). The concern is 
that, assuming one of the two electric match loca- 
tions should not require the presence of the safety 
shroud, it seems that the requirement for when 
the safety shroud is to be in place is reversed. 


It would seem that the safety shroud is most 
needed when the electric match is attached to 
shell leader fuse. This is the case where the elec- 
tric match is most exposed to the potential for 
impact that could produce an accidental ignition. 
This is illustrated in Figure 1. The upper left 
sketch attempts to illustrate the potential prob- 
lem of two shell casings (or one shell casing and 
another rigid object) coming together in such a 
manner as to pinch a portion of one shell’s 
leader fuse between them. In this case, see the 
lower left sketch, the full impact force is deliv- 
ered to the fuse. Were there to have been an 
electric match inserted into the fuse at the point 
of impact, there is potential for the impact to 
cause the electric match to be crushed and to 
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ignite as a result of the impact. (The amount of 
impact energy needed to cause the ignition of 
the most common electric matches in use today 
is uncomfortably low.'7) 


y- Shell Casing #1 a! Ny, 


Lift Bag and 


gta laste \ 
Ua Ww ae Soe be 
og a 
pC oS eo es 
_ -. 


Le ne Casing #2 
(or Solid Object) 


Figure 1. Sketches illustrating two possible 

impact scenarios occurring between two aerial 
shells: left, an impact with a shell leader at the 
point of contact; right, an impact with a bag of 
lift powder at the point of impact. 


In contrast, consider the case where the impact 
occurs such as to catch the bag of lift powder 
between the colliding shells. The upper right 
sketch of Figure 1 attempts to illustrate this situa- 
tion. In this case, because of the very nature of the 
granulated lift powder, the impact force comes 
to be distributed fairly evenly across a much lar- 
ger area, see the lower right sketch. Accordingly, 
were there to have been an electric match in- 
serted into the lift charge at the point of impact, 
there is substantially reduced potential for its be- 
ing crushed and igniting as a result of the impact. 
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Testing 


While the reduction in impact force for the 
lift bag case seems obvious, because of the im- 
portant safety implications, it was thought to be 
worth confirming by testing. Two series of tests 
were undertaken. In the first tests, the relative 
impact forces for the two cases illustrated in 
Figure 1 were measured. For these tests an impact 
sensitiveness tester, with a 0.5 kg (1.1 Ibf) drop 
hammer, was used to provide the impact force. 
To simulate the approximate rigidity of aerial 
shell casings, the end of both the drop hammer 
and the impact surface of the calibrated piezo- 
electric force gauge were covered with a 3-mm 
(1/8-in.) thick Kraft paper disk. For the case 
where the aerial shells impact against shell lead- 
ers, a short section of quick match was placed 
between the drop hammer and force gauge. The 
data from the impacts were recorded and stored 
using a digital oscilloscope. The result of an im- 
pact from a height of 300-mm (1-ft) is docu- 
mented in the upper graph of Figure 2, where it 
is the much taller of the two peaks. 


200 Shell Leader 
160 


120 


Impact Force (Ibf) 


Lift Bag 
0) = 


-2 0 2 4 6 8 10 
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Figure 2. A graph of data demonstrating the 
substantial difference in the impact forces 
delivered to an electric match size object in 
collisions between two aerial shells with a shell 
leader and with a bag of lift powder at the point 
of contact. 


Aerial shell impacts against bags of lift pow- 
der were simulated using much the same 
method; however, small plastic bags filled with 
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silica sand were used as a substitute for Black 
Powder. (This was done to limit the amount of 
fire that would be produced in the laboratory in 
the case of an ignition.) The recorded impact 
force from a test is shown in Figure 2 as the 
curve with the much lower peak force. The ratio 
of peak impact forces developed for the two 
cases examined is approximately 10 to 1. This 
confirms the prediction of much greater impact 
force against electric matches in shell leaders 
caught between aerial shells as compared with 
impacts against electric matches in lift bags, 
where the force is distributed over a much 
greater area. 


As a final test, a series of impacts were made 
to occur when actual electric matches were used 
to determine the relative ease of their accidental 
ignition in the two scenarios being investigated. 
The electric matches used in these tests were the 
Daveyfire A/N 28 B matches with their safety 
shrouds removed. For these tests the same im- 
pact sensitiveness tester was used; however, this 
time it was fitted with a 5 kg (11 Ibf) drop ham- 
mer. As in the earlier tests, the approximate m- 
gidity of aerial shell casings was simulated by 
covering both the end of drop hammer and the 
lower impact surface with a 3-mm (1/8-in.) thick 
Kraft paper disk. A short section of quick match 
shell leader with an electric match attached was 
placed between the drop hammer and the lower 
impact surface at the point of impact. After some 
initial experimentation to discover the approxi- 
mate sensitiveness of the electric matches in this 
configuration, four tests were performed using 
an impact height of 0.45-m (18-in.). Each time it 
was found that the electric match (and shell 
leader) ignited from the impact. 


In the lift bag test configuration, silica sand 
was again used as a substitute for Black Powder. 
(This was done to limit the amount of fire that 
would be produced in the laboratory in the case 
of an ignition.) In deciding on the appropriate- 
ness of the use of silica sand, it was considered 
that: 1) the sand grains are both stronger and 
more abrasive than Black Powder; and 2) for the 
electric matches being used, an earlier study 
found that they did not exhibit greater sensitive- 
ness in the presence of Black Powder. Accord- 
ingly, the electric matches should be at least as 
likely to ignite in these tests in the presence of 
silica sand as they would had Black Powder 


Selected Pyrotechnic Publications of K. L. and B. J. Kosanke (2001 and 2002) 


been used. Four tests were performed using the 
5-kg (11-lbf) drop hammer, the most massive 
available, and an impact height of 1.5 m (60 in.), 
the maximum convenient height for the impact 
tester. It was found that no ignition of the elec- 
tric match occurred in any test. Accordingly, the 
un-shrouded electric match in the shell leader 
configuration was found to be at least 3.3 times 
as sensitive to accidental ignition from impact as 
compared to the un-shrouded electric match in 
the lift bag configuration. 


Discussion 


The DOT exemption of shipping display 
fireworks, with electric matches attached, re- 
quires that the safety shroud be in place when 
the electric match is in the lift charge, but not 
when the electric match is in a shell leader fuse. 
It seemed that the requirement for when safety 
shrouds were required to be in place was re- 
versed from what it should have been consider- 
ing accidental ignition from impact. This was 
readily confirmed even with the very limited 
amount of testing performed, in which the sensi- 
tiveness due to impact was at least 3 times 
greater (and perhaps 10 times greater) for un- 
shrouded electric matches in the shell leader fuse 
as compared with electric matches inserted into 
the lift charge. 


Certainly, there are possibilities for acciden- 
tal ignition during transportation other than im- 
pact. However, the authors can think of no case 
where there is greater need for the presence of 
the shroud when the electric match is in the lift 
charge as compared to the shell leader. For this 
reason, and because safety shrouds do provide 
substantial reductions in both impact and friction 
sensitiveness,"! it is strongly recommended that 
shippers of display fireworks with electric 
matches installed in shell leader fuses, only do 
so with the safety shrouds left in place. 
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A Rule for Improving Manufacturing Safety 
Involving the Use of Energetic Materials 


K. L. Kosanke and L. Weinman 


Over the years there has been an almost con- 
tinuous series of accidents involving people us- 
ing energetic materials, too many of which in- 
volve fireworks, their manufacture or their 
preparation for use. There are important lessons 
that can be learned from these accidents; unfor- 
tunately most of these come too late for the peo- 
ple suffering those accidents. Even more unfortu- 
nately, many of the same factors have combined 
to produce similar accidents again and again. 


The “rule” was developed as part of the 
safety training of personnel of a major (non- 
fireworks) pyrotechnic manufacturing com- 
pany.'"! Before discussing the rule, perhaps it is 
appropriate to review a few points from hazard 
management in general.'?! Hazard management 
is generally thought to consist of three activities: 
Recognition, Evaluation, and Control. In sim- 
plest terms, recognition is just making a list of 
hazards; those things that could go wrong that 
have some potential for injury or financial loss. 
In evaluating the list of hazards, they are ranked 
(prioritized) according to the magnitude of the 
risk associated with each hazard. In doing this, 
there are two central considerations: what is the 
likelihood (probability) of having an accident, 
and what are the consequences (severity) in the 
event of an accident. Control consists of those 
actions taken to mitigate the hazards on the pri- 
oritized list, generally starting with those repre- 
senting the greatest risk. Risk is reduced when- 
ever actions are taken to reduce the probability 
of having an accident, or when actions are taken 
to reduce the severity of the consequences. Cer- 
tainly the greatest reduction of risk occurs when 
both the probability and consequences of an ac- 
cident are minimized. In considering those ac- 
tions that might be used to reduce (control) risk, 
it is often useful to have a somewhat formalized 
process to help guide ones thinking. This proc- 
ess is often referred to as following or applying a 
risk control hierarchy. The remainder of this ar- 
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ticle is a discussion of one possible risk control 
hierarchy for working with energetic materials. 


The rule is simple, each time before using 
energetic materials, especially if there is any 
change in the conditions of use, ask yourself the 
set of questions given below and act accord- 
ingly. These questions sound simple, perhaps 
almost to the point of seeming so trivially simple 
as to be ridiculous. However, before you dismiss 
them out of hand, please spend a moment con- 
sidering them more fully. The questions are: 


1) Do you really need to use it? 
2) How little of it can you use? 
3) Can it be somewhere else? 


4) Do you really have to do what you are doing 
to it? 


5) Can you use “personal protection equip- 
ment”? 


In considering these questions, do not auto- 
matically dismiss any of them with “that’s how 
it has always been done” attitude. It is true that 
one may conclude that the way it has always 
been done is the best. However, in the authors’ 
experience, very often there are safer ways to 
operate that involve no more work or expense. 
Further, it is surprising how many times it will 
be discovered that there are safer ways to oper- 
ate that are actually easier or involve less ex- 
pense. The key part of the exercise is to spend 
some time honestly considering alternatives and 
to keep an open mind while doing so. Although 
one might argue a little about the order of the 
questions, generally start at the top and work 
down. In the remainder of this article, each of 
the questions will be discussed briefly. 


1) Do you really need to use it? This is really 
asking, are there safer alternatives you should be 
considering? In some cases this may even in- 
clude the use of non-explosive materials or 
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methods. However, generally it is intended to 
assess the possibility of using less sensitive ma- 
terials. Most typically, the greatest hazards asso- 
ciated with working with energetic materials are 
associated with their accidental ignition (or ini- 
tiation). Obviously the likelihood of accidental 
ignition is reduced when less sensitive materials 
are used. Among approximately equally sensi- 
tive materials, consideration should also include 
considering alternatives that have fewer undesir- 
able health or environmental effects in either 
their unreacted or reacted form. Also the conse- 
quences of an accident are reduced when less 
violent or less energetic materials can be substi- 
tuted. Further, one should consider other haz- 
ardous features of a process, such as the use of 
flammable versus non-flammable solvents or 
adhesives. 


2) How little of it can you use? In a sense this is 
really at least two questions. This is asking you 
to consider whether you can use less of the ener- 
getic material in manufacturing a specific de- 
vice. However, it is also asking you to consider 
things such as, do you really need to have as 
much raw material and/or completed items in the 
immediate work area. Obviously both are impor- 
tant because the consequences (severity) of an 
accident upon the accidental ignition of ener- 
getic materials is reduced when the total amount 
of those materials involved is reduced. 


3) Can it be somewhere else? For the most part, 
this is suggesting consideration be given to con- 
ducting the most hazardous operations remotely. 
However, this also includes less expensive things 
such as keeping raw materials covered and/or 
stored at a safer distance, not allowing finished 
items to accumulate in the work area, and keep- 
ing the area free of spilled composition and 
dusts. As in question 2, these are actions that 
will reduce the consequences of an accidental 
ignition. 

4) Do you really have to do what you are doing 
to it? For the most part, this is another step in 
reducing the probability of an accident, this time 
by considering alternate processing methods. 


For example, this might include the alternative 
of pressing a composition as opposed to ram- 
ming it using mallet blows, considering the use 
of a phlegmatizer (adding a small amount of lu- 
bricant) to reduce sensitiveness to friction when 
compacting a composition, and using electro- 
statically conductive containers and grounded 
equipment during processing. As another exam- 
ple, one should consider using less hazardous 
mixing techniques, such as adding the chlorate 
oxidizer to a smoke composition in increments 
so as not to temporarily produce an especially 
hazardous mixture. 


5) Can you use “personal protection equip- 
ment”? This is really ones last line of defense, 
and while the use of personal protection is cer- 
tainly appropriate, it should not be seen as a sub- 
stitute for other methods of reducing the severity 
of an accident. Personal protection equipment 
includes items such as small fire and explosion 
shields, face shields, safety glasses, leather aprons 
and gloves, hearing protectors, and breathing 
masks. 


Hazard management is little more than the ap- 
plication of common sense and finding safer 
alternatives that are no more difficult or expen- 
sive often requires only a little thought. It is 
amazing how infrequently this is done, espe- 
cially when one considers the high personal and 
business expense of accidents, and the consis- 
tency with which accidents seem to occur. 
Please take a little time to consider how your 
operations involving energetic materials might 
be performed more safely. 
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Aerial Shell Burst Height 
as a Function of Mortar Length 


K. L. and B. J. Kosanke 


[This article is augmented with a number of text 
notes, indicated using superscript letters. While 
it is hoped these provide useful information, 
they are not essential, and the reader may wish 
to ignore them unless further information is de- 
sired. ] 


From time to time over the years there has 
been discussion of the effect of mortar length on 
the burst height achieved by fireworks aerial 
shells. However, rarely has burst height versus 
mortar length data been presented,!'7! even then 
the data has been of limited value. In one case, 
the results were predictions using a ballistics 
model where only the maximum possible height 
reached by aerial shells was presented, not the 
measured height at the time of their actual 
burst.'*! In the other case, only a one shell was 
fired for each mortar length, and the method of 
determining the height of the shell burst was 
rather imprecise. The study being reported in 
this article is more useful in that actual burst 
heights were reasonably accurately measured 
and there were several firings from each mortar 
length. Unfortunately, this study only examined 
the effect of mortar length on 3-inch (75-mm) 
spherical aerial shells. While it is expected that 
similar results would be found for other shell 
types and sizes, that cannot be assured. 


The test shells used in this study were Thun- 
derbird brand, Color Peony-White (TBA-106). 
For consistency, all the test shells were taken 
from the same case of shells. The shells had an 
average mass of 136 g, with an average diameter 
of 2.72 inches (69 mm), and an average of 37 g 
of lift charge (apparently 4FA granulation). The 
mortars used in this study were high density 
polyethylene (HDPE) with an inside diameter of 
2.93 inches (74.4 mm)". Ten different mortar 
lengths were used, ranging from a maximum of 
60 inches (1.5 m) down to just 6 inches (150 mm) 
(in each case, the length was measured from 
above the mortar plug). There were three to five 
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test firings for each mortar length examined, for 
a total of 42 test firings. Approximately 10 min- 
utes were allowed to elapse between each use of 
a mortar to allow time for the mortar to cool be- 
fore its next firing. 


The burst height of these shells was deter- 
mined by measuring the amount of time elapsing 
between the burst of the shell (as determined 
optically) and the arrival of the sound of the 
burst.!"! The individual burst heights and a trend 
line visually fit to those data points are shown in 
Figure 1.'*! Further, the average burst height for 
each mortar length is presented in Table 1. 
While the measured burst heights are probably 
greater than many might have expected, for a 
number of reasons it is believed they are correct 
for the conditions existing for these tests.'*! 
However, it is the trend in burst height that is of 
most general interest. Accordingly, presented in 
the last column of Table 1 are burst heights 
normalized to that achieved using a 20-inch 
(510-mm) mortar. ""! 


Shell Height (ft) 


0 10 20 30 40 50 60 
Mortar Length (in.) 


Figure 1. A graph of the burst height results as 
a function of mortar length for 3-inch spherical 
aerial shells. 
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Table 1. Average and Normalized 3-inch 
Shell Burst Height for Various Mortar 
Lengths. 


Mortar Average | Normalized 
pind Number Height Burst 
of oss (ft) Height 


O1 FO1TEO1E OO: 


WWI 


oa 


To convert from inches to millimeters, multiply by 
25.4. 


To convert from feet to meters, multiply by 0.305. 


It may be of interest to note that reducing the 
mortar length from 20 to 6inches (510 to 
150 mm) produced a reduction in the average 
aerial shell burst height by about 50 percent. 
This result was somewhat of a surprise, even 
though earlier calculations using the Shimizu’s!"! 
ballistic model had suggested that the reduction 
would not be overwhelming. It was surprising 
because the top of the mortar was only about 
2 inches (50mm) above the top of the aerial 
shell. Even though model calculations had sug- 
gested that the aerial shell would still be pro- 
pelled to a significant height, it was hard to be- 
lieve, because it seemed to contradict “common 
sense”’. 


Increasing the mortar length from 20 to 
60 inches (0.51 to 1.5m) was found to produce 
an increase in burst height by about 40 percent, 
with the strong suggestion that further increases 
in mortar length cannot be expected to produce 
much more of an increase in burst height. That 
the effectiveness of ever longer mortars de- 
creased, essentially to the point of no longer 
producing greater burst height, was not a sur- 
prise. This is because ballistic modeling had pre- 
dicted this and it seemed quite logical. 


It is hoped that this brief article provided 
some interesting and useful information about 
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the effect of mortar length on aerial shell burst 
height. 


Notes 


a) For common mortar lengths, aerial shells 
typically burst prior to reaching what would 
be their maximum height. There will be a 
somewhat greater difference between burst 
height and maximum possible height for 
longer than normal mortars. Also, for espe- 
cially short mortars the opposite will be 
true, where the shells may burst on their 
way back down, after having reached their 
maximum height. 


b) While the mortar diameter was smaller than 
desired, it was typical of many HDPE mor- 
tars made from commercially produced 
pipe. This pipe was SDR 17 (standard di- 
mensional ratio), which is specified as hav- 
ing an internal diameter (ID) of 2.97 inches 
(74.5 mm).!?! However, manufacturers con- 
sistently produce pipe with a wall thickness 
greater than the minimum specification. Be- 
cause the outside diameter of the pipe is 
tightly controlled, the thicker walls cause 
the ID to be less than specified. In this case, 
the pipe was supplied with an ID of only 
2.93 inches (74.4 mm). 


c) The air temperature was approximately 68 °F 
(17 °C) at the time of the measurements. 
This corresponds to a speed of sound of ap- 
proximately 1126 feet (343 m) per second, 
which was the value used in calculating the 
burst height of the test aerial shells. 


d) If desired, see references 4 and 5 for discus- 
sions of two slightly different methods us- 
ing the delay in arrival of the sound of the 
explosion to determine the distance to the 
explosion. 


e) The average deviation of the individual data 
points from the trend line is 37 feet (11 m). 


f) Asanexpression of the statistical uncertainty 
in the measurements, average burst heights 
are only reported to the nearest 10 feet (3 m). 


g) There are a number of reasons for believing 
the burst height results are correct: 1) the 
method for determining burst height is sim- 
ple; 2) the data produced was internally 
consistent; 3) the testing was conducted in 
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western Colorado at an altitude of 4600 feet 
(1400 m) above sea level, where the re- 
duced air density results in lower drag 
forces, allowing aerial shells to reach 
greater heights than when fired at elevations 
nearer to sea level; 4) the relatively small 
internal mortar diameter causes the shells to 
exit the mortar at greater velocities and thus 
be propelled to greater heights; and 5) these 
results are reasonably consistent with previ- 
ous measurements'®” performed at lower 
elevations and with nominal diameter mor- 
tars. 


A 20-inch (510-mm) mortar length was 
chosen because it is thought that is the ap- 
proximate length of the most commonly 
used mortars for 3-inch (75-mm) single 
break aerial shells. 
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Aerial Shell Burst Delay Times 


K. L. and B. J. Kosanke 


If you have ever wondered how long the 
shell burst process takes after the time fuse 
burns through to the interior of the shell, this 
article may be of interest to you. Although rapid, 
the process is not instantaneous. A flame front 
must advance through the burst charge and an 
amount of combustion gas must be produced 
that is sufficient to pressurize the shell casing 
beyond its burst strength. Some time ago, as part 
of a study of the possible cause of muzzle break- 
ing aerial shells, we needed to determine ap- 
proximately how long this process takes.'"! That 
burst delay time data is summarized below. 


Burst delay times were measured for spherical 
aerial shells ranging in size from 3 to 10 inches. 
The shells were ignited using an electric match 
inserted into the shell. This was accomplished by 
making a small hole, only slightly larger than the 
electric match, by remotely pressing a pointed 
tool through the shell casing a little above or 
below the equator of the shell. The tip of the 
electric match was inserted about 0.6 inch into 
the shell. (This is approximately the same dis- 
tance as would be typical of the inside end of the 
time fuse in a shell without a flash tube to the 
center of the shell.) The hole was closed using 
three layers of strapping tape encircling the shell 
in different directions. As a sensor to indicate 
the bursting of the shell, two loops of wire en- 
circling the shell were used. The loops crossed 
the poles of the shell at approximately a 90° an- 
gle. These wires were held in position on the 
shell using small dabs of hot-melt glue along its 
length. To make the measurement, the test shell 
was suspended above the ground, and then elec- 
trically attached to the timing and firing appara- 
tus. The electric match was energized with suffi- 
cient current to cause its ignition in less than one 
millisecond. The contents of the shell were thus 
ignited, causing the shell to burst (explode). As 
the casing expands and fragments, the loops of 
wire break. Burst delay times were determined 
using an electronic timer to measure the time 
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between application of current to the electric 
match and when the wire loops break. 


For the burst delay times to be representative 
of typical shells, the shells used in these meas- 
urements came from seven different manufac- 
turers. These manufacturers were: Yung Feng 
(Y), Horse (H), Temple of Heaven (T), Onda 
(O), Red Lantern (R), Sunny International (S), 
and Flying Dragon (F). In the data presented in 
Table 1, the manufacturer is identified using the 
code letter listed for each manufacturer. Burst 
delay times are also presented in Table 1. It 
would have been preferred to have tested a lar- 
ger number of shells and to have used a wide 
and consistent set of manufacturers for each 
shell size. However, this was not possible be- 
cause of economic constraints. 


While most of the burst delay times for each 
shell size are fairly well grouped, there are occa- 
sional values that are significantly longer than 
the rest of the group. The most extreme example 
is the delay time for the Horse brand 8-inch 
shell, which was 329 ms as compared with 52 
and 96 ms for the other two shells tested. Simi- 
larly, the 122 ms for the 3-inch Temple of 
Heaven shell and the 104 ms for the 4-inch Red 
Lantern shell, are significantly longer than the 
burst delay times for the other shells in those 
size groups. It is felt that these longer delay 
times were real. This is because, in each of these 
three cases, the time interval, between pressing 
the button to energize the electric match and 
when the shell explosion occurred, was noticea- 
bly longer than for the other shells. The cases of 
longer than normal burst delay times may repre- 
sent some type of anomalous ignition of the 
shells’ contents, in which the fire transfer from 
the match was substantially less effective than in 
the other cases. This notion is supported by the 
fact that in two other cases, although the electric 
match fired normally inside the shell, the con- 
tents were not ignited and the shells failed to 
explode. In both cases, a second attempt (after 
another electric match was installed) produced a 
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Table 1. Aerial Shell Burst Delay Times. 


Shell Size 
) (in.) 


Burst Delay Time (ms) / Manufacturer 
30/S, 32/5, 36/Y, 41/8, 48/T, 76/H, 122/T 


52/Y, 96/Y, 329/H 


250 =: 10 134/0 


(a) The burst delay time of 122 ms was not included in the average. 


(b) The burst delay time of 104 ms was not included in the average. 


(c) The burst delay time of 329 ms was not included in the average. 


shell explosion with the delay time typical for 
shells of that size. In order to not bias the data 
by including the abnormally long burst delay 
times, they were excluded when calculating the 
average delay times reported for each size shell. 
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Figure 1. Average shell burst delay times as a 
function of shell size. 


Average shell burst delay times, as a function 
of shell size, are presented as a graph in Figure 
1. In calculating the linear least squares fit to the 
data, the average delay times were weighted ac- 
cording to the number of shells of each size that 
were included in the average. It is apparent that 
there is a significant increase in burst delay 
times for larger shells, with the least squares 
fitted burst delay times ranging from approxi- 
mately 40 ms for 3-inch shells, to approximately 
110 ms for 10-inch shells. That larger shells take 
longer to burst (explode) is reasonable, as a re- 
sult of the need to produce more combustion 
gases to pressurize their larger volumes. 
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“Impossible” and Horrific Roman Candle Accident 


K. L. and B. J. Kosanke 
PyroLabs, Inc., Whitewater, CO 81527, USA 


and 


Geoff Downs and John Harradine 


Department of Natural Resources and Mines, Queensland, Australia 


[Authors note: This article includes a number of 
notes with ancillary information. This informa- 
tion is not essential to the primary purpose of 
this article. Accordingly, it is suggested that the 
reader might wish to initially ignore the notes, 
and then subsequently, if additional information 
is desired, read any notes of interest.] 


Introduction 


In May of 2000 in Queensland Australia, a 
most horrific accident"! occurred involving large 
bore (2-in., 50-mm) Roman candles, which had 
generally and widely been thought to have been 
impossible. Because the set of conditions lead- 
ing to this accident could occur again, and be- 
cause requirements in the national fireworks 
standards (in both the US"! and Australia'*!) 
should be modified somewhat to help mitigate 
the potential for future injuries, a series of arti- 
cles derived from this accident and its investiga- 
tion are being written."”! 


To facilitate their publication, the length of 
these articles will be limited such that only a 
portion of the overall subject will be addressed 
in each. This first article begins with a brief dis- 
cussion of common Roman candle malfunctions. 
The bulk of the article presents the basic facts of 
the accident. Subsequent articles will present: a 
discussion of the Roman candle characteristics 
that caused the powerful explosion; partial sum- 
maries of the results of the many and in-depth 
scientific investigations undertaken to elucidate 
and confirm the cause and course of this acci- 
dent;'*! recommendations of some changes to the 
safety procedures for the use of large bore Ro- 
man candles; and warnings regarding the man- 
ner of manufacture of large Roman candle stars. 
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Common Roman Candle 
Malfunctions 


It is well known that Roman candle fireworks 
do malfunction on occasion. The most common 
malfunctions include: inconsistency in the tim- 
ing between firing of the individual shots; hav- 
ing more than one star (or comet star) fire at vir- 
tually the same time, somewhat like a machine 
gun; and some shots remaining unfired. However, 
there are few ifany safety ramifications with these 
types of malfunctions. By far the most common 
spectator accident with Roman candles is the 
result of their realignment (tipping over) due to 
their not being sufficiently secured, after which 
they proceed to fire projectiles into the crowd. 


There are two basic ways in which unintended 
repositioning of Roman candles occur. Probably 
most common is when the recoil forces, pro- 
duced when a star (or other projectile) fires from 
the Roman candle, exceeds the strength of its 
support system.'! For example, this might hap- 
pen when a Roman candle is secured to a frame 
above the ground using tape or wire that pro- 
vides insufficient strength to successfully main- 
tain its position during the course of its firing. 
Another common way for a Roman candle to 
become repositioned is when the tube of the Ro- 
man candle bursts, thus putting an additional 
strain on the support system, or otherwise de- 
feating the support system in some way.'! For 
example, this might happen when a collection of 
Roman candles have been bundled together using 
tape to forma Roman candle battery. In that case, 
if one Roman candle tube bursts, the resulting 
forces or fire may sever the tape allow the indi- 
vidual Roman candles to become reoriented. 


In reference to other types of Roman candle 
accidents known to the authors. There was a case 
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15 mm (0.6 in.) 


Tube Firework 


900 mm (36 in.) 


A 2-inch 8-shot White Tail Roman Candle 
B 2-inch 8-shot White Tail Roman Candle 
Cc 2-inch 5-shot Gold Tail Roman Candle 

D 1-inch 8-shot Cracker Tail Roman Candle 


Figure 1. Configuration of Roman candle fireworks in twin-tube steel fireworks stands. 


where it was alleged that the tube of the Roman 
candle was propelled into a spectator area (with 
the stars being propelled in the opposite direc- 
tion). However, prior to the accident in question, 
the authors knew of no case where a portion of 
the support system of a Roman candle was so 
seriously and violently damaged (even when the 
tube of the Roman candle bursts) that a portion 
of the support system of a Roman candle was 
propelled into a spectator area. 


The Bray Park Accident!!! 


The accident (explosion) occurred when the 
fireworks display had been underway for ap- 
proximately two minutes. Before the explosion 
occurred, the operator had manually ignited the 
fuse of one 2-inch, 8-shot white tail Roman can- 
dle in tube A (see Figure 1) and then proceeded 
to ignite a second 2-inch, 8-shot white tail Ro- 
man candle approximately 12 feet (3.6 m) away 
(not shown in Figure 1). The first comet of the 
2-inch 8-shot white tail Roman candle in tube A 
functioned normally. Three seconds later a most 
powerful explosion occurred. The explosion was 
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described by a witness as ‘extremely loud and 
intense and created a powerful shock wave’. 


The twin-tube steel Roman candle fireworks 
stands involved in the explosion are shown in 
Figure 1. The three 2-inch, Roman candles in 
tubes A, B and C each exploded. These Roman 
candles were the two 2-inch, 8-shot white tail 
Roman candles in tubes A and B of the first steel 
fireworks stand and one 2-inch 5-shot gold tail 
Roman candle in tube C of the second steel 
fireworks stand 36 inches (900 mm) away. Each 
of these firework stands consisted of a heavy 
steel base plate with two steel tubes 20-inches 
(500-mm) long, 3.00-inches (75-mm) outside 
diameter with 0.14-inch (3.6-mm) wall thickness 
welded to the base plate. The Roman candles, 
with an outside diameter of 2.44 inches (62 mm), 
were a relatively close fit inside the steel tubes. 


The blast pressure (shock) produced by the 
three exploding Roman candles was sufficient to 
fragment the three steel tubes in which they 
were standing. Some of these steel fragments 
caused a fatality and serious bodily injuries. 
Fragments of various sizes were found at various 
distances up to approximately 580 feet (175 m) 
from the blast center. Fragments were found in 
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the fireworks display area, spectator-viewing 
locations, and the adjoining neighborhood. A 
total of 42 steel fragments were recovered. 


After extensive research (including thermo- 
dynamic and explosion modeling, and numerous 
and varied field trials) the investigation con- 
cluded that: 


e The Roman candles contained simple comet 
stars (i.e., they were solidly compressed 
pellets of pyrotechnic composition and were 
not crossettes).!" 

¢ In the operation of the 2-inch, 8-shot white 
tail Roman candle in tube A, the first comet 
had functioned normally. 

e After a 3-second delay, when the second 
comet was expected to be expelled from the 
Roman candle, the powerful explosion oc- 
curred. 

e This Roman candle (in tube A) exploded 
when the second comet in the tube ex- 
ploded powerfully and very shortly after its 
ignition (i.e., while still in close proximity 
to its at-rest position in the Roman candle). 

e The powerfully exploding comet caused all 
of the remaining comets and Black Powder 
in the Roman candle to explode en masse. 

e The cause of the comet exploding was a 
unique collection of characteristics of the 
comet, which will be discussed in some de- 
tail in the next article in this series. 

e The exploding Roman candle (in tube A) 
caused the metal tube surrounding the can- 
dle to expand and fragment, producing high- 
energy steel fragments. 

¢ The velocity of the steel fragments from 
tube A are estimated to have been as high 
as 900 miles per hour (400 m/s). 

e Tube A expanded and impinged or struck 
the adjacent steel tube (tube B) approxi- 
mately 15 mm (0.6 in.) away, which also 
contained a Roman candle, and caused the 
steel tube to be dented inwards. 

¢ The dent compressed the contents of the 
second 2-inch, 8-shot white tail Roman 
candle, which caused that Roman candle to 
also explode en masse and produce steel 
fragments similar in form and mass to the 
steel tube fragments from the first tube. 
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¢ The velocity of the steel fragments from tube 
B was estimated to be as high as 1100 miles 
per hour (500 m/s). 

¢ Both steel tubes in the fireworks stand had 
totally fragmented leaving only the base 
plate remaining. This 0.5-inch (12-mm) 
thick steel base plate had been dished about 
0.25-inch (6-mm) deep beneath tube A. 

¢ A fragment or fragments from the first twin- 
tube steel fireworks stand struck a second 
twin-tube steel fireworks stand approxi- 
mately 900 mm (36 in.) away, containing 
the 2-inch 5-shot gold tail Roman candle in 
tube C. 

¢ The point of fragment impact was probably 
8 inches (200 mm) from the top of tube C. 

¢ The 2-inch 5-shot gold tail Roman candle 
also exploded en masse. 

¢ The explosion caused the tube to partially 
rupture producing several small fragments 
and one large fragment, with a steel collar 
being a part of this large fragment. 

¢ Tube D was damaged but was not frag- 
mented. 

¢ The fatality and serious injuries were the 
result of the steel fragments produced dur- 
ing the course of the near simultaneous ex- 
plosions. 


Caution / Warning 


To date only one shipment of Roman candles 
to Australia is known to have had the combina- 
tion of characteristics (defect) that produced the 
very powerful explosions described above. The 
manufacturer’s name does not appear on these 
Roman candles; however, they have the product 
code KL301B on their label. Figure 2 is a pho- 
tograph of the product and instruction labels 
from these Roman candles. Other shipments into 
Australia of this same type of Roman candle 
were found to have been manufactured using 
much the same materials and processes. They 
were found to have most of the characteristics 
leading to the production of such powerful ex- 
plosions as occurred in the Bray Park accident. 
Also, apparently the same Roman candles have 
been found in the US. Thus it should be consid- 
ered that the potential exists for additional catas- 
trophic explosions of these or similar large bore 
Roman candles. Accordingly, if such items are 
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used, it is appropriate to: 1) use methods and 
materials to secure these Roman candles that 
allow the ready escape of any explosive pres- 
sures that might be produced such that those ma- 
terials will not become especially dangerous fly- 
ing debris, 2) use added separation between any 
such Roman candles and other Roman candles 
or any other display item that might become re- 
positioned or damaged as a result of such a pow- 
erful explosion, 3) take added precautions for 
the protection of any display crew working in 
the immediate area during a display, and 4) use 
added separation between the Roman candles 
and spectators. 


Conclusion 


In this article, only the basic facts of the ac- 
cident have been presented, generally without 
explanation or any supporting test results. To the 
extent practical, that supporting information will 
be presented in subsequent articles. The next 
article in this series will present information 
about the unique combination of characteristics 
of the Roman candle comet stars that is thought 
to have allowed them to produce such horren- 
dous explosive forces. 
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Ancillary Notes 


a) The most serious spectator injuries were a 
fatality (child), severe brain damage with 
the loss of an eye (adult female), and the 
partial amputation of a foot (adult male). In 
addition a male crew member suffered the 
traumatic amputation of a leg.!"! 


b) While the Queensland Department of Natu- 
ral Resources and Mines did issue warnings 
and imposed other restrictions, confidential- 
ity agreements associated with the accident 
investigation and a trial has here-to-fore re- 
stricted the authors’ ability to freely discuss 
the details of this accident. 


c) The investigation report is roughly 1500 
pages in length and contains approximately 
20 sub-reports from various private and 
government research organizations. 


d) This type of Roman candle repositioning is 
often the result of the display operator un- 
derestimating the magnitude of the recoil 
forces produced upon the firing of Roman 
candle projectiles. For example, even a rela- 
tively small diameter display candle (1 in. 
or 25 mm) can produce peak recoil forces in 
excess of 100 lbf (450 N).! However, these 
peak forces only persist for a brief moment. 
On occasion, at least a part of the fault for 
Roman candles over powering their support 
lies with the manufacturer, because of 
things such as the overloading of a Roman 


ROMAN CANDLES WiTHouTgPIKES - WiT i REPORT 
CLASSIFICATION Cong G6) ARICA F 

____ WARNING 
S!!OOTS FLAMING BALLS WITH REPORT 


NOTHOLD IS HAND 
ONLY UNDE’ CLOSE ADULT SUPERVISION 

QUTDOOR USE ONLY 

K BUTT ENi: IN GROUND AND POINT AWAY FROM PEOPLEOR 
FLAMMAB(.E MATERIAL 
FUSE AND GET AWAY 


Figure 2. Photographs of Roman candle labels .Note: The left label, with the product number, is 
hot-pink in color, whereas the instruction label on the right is white. 
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candle shot, or when an ineffective seal be- 
tween shots allows two or more projectiles 
to fire at the same time. 


e) Such common Roman candle tube failures 
are typically the result of the tube being too 
weak to accommodate the additional pres- 
sure caused by things such as: the occa- 
sional overloading of one of the shots, the 
occasional near simultaneous firing of more 
than one shot, and the occasional jamming 
of a star in the tube as it attempts to exit the 
tube. Certainly Roman candle tube failures 
can be the result of an explosion occurring 
within them, such as when an explosive pro- 
jectile (e.g., a salute) functions prior to be- 
ing expelled. 


f) A crossette is a special type of comet star, 
typically made with a large internal void 
that is filled with a flash powder. After a pe- 


riod of normal burning, the flash powder is 
ignited causing the comet star to explode 
into several smaller burning pieces. 
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Pyrotechnic Burn Rate Measurements: Strand Testing 


K. L. and B. J. Kosanke 


Background 


Burn rate is one of the most fundamentally 
important properties of pyrotechnic materials. 
While burn rate may be measured as a mass burn 
rate (mass of pyrotechnic composition consumed 
per unit time, e.g., g/s), linear burn rate is most 
commonly used. Linear burn rate can be defined 
as the distance the burning surface of a pyro- 
technic composition advances inwardly (perpen- 
dicular to the burning surface) per unit time, and 
typically would be reported as inches per second 
(or mm/s). Even for a specific pyrotechnic mate- 
rial with a defined composition (including pre- 
scribed particle size and shape) there are a num- 
ber of factors that will effect its burn rate.!"! 
Generally the most important factors, ranked 
roughly in order of importance, are: ambient 
pressure, loading pressure (composition den- 
sity), temperature, and burning surface area. Ac- 
cordingly, for burn rate measurements to be 
most useful, they must take each of these addi- 
tional factors into consideration. 


During World War II, B. L. Crawford, et al. 
developed the strand burner (sometimes also 
called the Crawford Bomb) for making linear 
burn rate measurements of propellants under 
suitably controlled conditions.?“! The strand 
was a thin column of pyrotechnic, typically 
about 1/8 inch (3 mm) in diameter and about 7- 
inches (180-mm) long. Today the strand is often 
1/4-inch (6-mm) thick and may be square in 
cross section. The test strand is held in the burn 
chamber of the strand burner, which is a pres- 
sure vessel that is maintained at constant gas 
pressure for the duration of the test. The tem- 
perature of the strand during the test is the same 
as that of the strand burner and is held reasona- 
bly constant by the flow of gas (usually nitrogen 
or argon) through the burn chamber. When tem- 
peratures other than ambient are needed, the 
strand burn chamber and gas supply can be 
heated or cooled to the desired temperature. 
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Prior to loading into the strand burner, a se- 
ries of small diameter holes are drilled through 
the strand at precisely determined points along 
its length; thin, easily-fused wires are then 
threaded through the drilled holes. The number 
of fuse wires may be as few as two, but it is 
common to use more. Typically the wires are 
made of lead and are about 0.01 inch (0.25 mm) 
in diameter. The outer surface of the strand will 
usually have been coated (painted) with a suit- 
able flame-resistant inhibitor, to cause the strand 
to only burn inwardly from one end, in a ciga- 
rette-like fashion, rather than along its outer sur- 
face. (See Figure 1.) 


Hot-Wire Igniter 


. Fuse Wires 


<——— Surface Inhibitor 


Test Strand 


<— Support 


Figure 1. Illustration of a strand prepared for 
burn rate testing (not to scale). 


After being placed in the burn chamber, the 
strand is ignited from one end using a hot-wire 
igniter. Then, as the strand burns, the heat fuses 
(melts) each wire as the burn front passes. The 
fusing of the first wire is used to provide the 
‘start’ signal for the burn rate measurement, and 
then each successive wire fusing provides a 
‘stop’ signal to indicate the progress of the burn- 
ing. Knowing the time of the wire fusings and 
the spacing between the wires, the linear burn 
rate can be calculated. 
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Table 1. Sample Data from a Study of the Effect of Nano-Molybdenum as a Burn Rate 


Catalyst."*! 


Perchlorate (80% Sasol a Chlorate (74% Nitrate (80% 


Burn Time® (s) 


ve Bum Time [-90 [69 [213 | ies [61] 26 [62 | 85 
fmincrease” | =~ —S«d|«30% | — | 30% | — | 135%] — | 15% | 


a) Time to burn 1.4 g of composition (including approximately 3 mg of oil to aid compaction) pressed at 
4000 psi (30 MPa) in a paper tube with an internal diameter of 5/16 inch (8 mm) and a wall thickness of 


3/32 inch (2.5 mm). 


b) These test items had a 3/32-inch (2-mm) diameter by 1/8-inch (3-mm) long indentation formed in the ig- 
nition end of the test strand when being pressed. This was done to provide some erosive burning to help 


sustain the burning of the test items. 


c) Four percent molybdenum trioxide (MoQ3) as nano-particles was used as the catalyst. 


d) To better reflect the uncertainty in the results, average burn times are only reported to one decimal place. 


e) This is the percent increase in burn rate for the composition with the catalyst present. To better reflect the 
uncertainty in the results, increases in burn rate are only reported to the nearest 5%. 


The dependence of burn rate on local pres- 
sure is especially important for propellants, in 
particular, gun propellants where the pressures 
can range to especially high values. The pressure 
dependence of the burning of a propellant (or a 
pyrotechnic composition) can often be character- 
ized using the Vieille burn rate equation, !"! 


R=aP? 


where R is linear burn rate, P is pressure, and a 
and b are constants. For example, in one series 
of strand tests of the burning of Black Powder, 
when R and P have the respective units of cm/s 
and atmospheres, the constants a and b were 
found to have the values 1.72 and 0.164, respec- 
tively.) (While the Vieille equation generally 
applies over a reasonably wide range of pres- 
sures, often more than one set of constants is 
necessary to fit the data over the entire pressure 
range.!*) 


Simplified Strand Test Method 


When simple comparisons between similar 
compositions are desired, it is often possible to 
make a number of simplifications to the strand 
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burner test. For example, a series of tests was 
recently conducted to investigate the potential 
for nano-particle size molybdenum trioxide!” 
function as a useful burn rate catalyst. In these 
tests, simple comparisons were made between 
the burn rate of pairs of compositions made with 
and without the presence of a small amount of 
the potential catalyst. Accordingly, in these ini- 
tial tests it was not necessary to determine burn 
rate as a function of pressure and temperature, 
and testing could be performed at atmospheric 
pressure and room temperature. Accordingly, a 
complex strand burner apparatus was not 
needed. 


In the catalyst tests, each oxidizer was pre- 
pared by simultaneously ball milling two sam- 
ples of the oxidizer, the first sample with 4% of 
the molybdenum trioxide added and the second 
sample without the catalyst. In this way the 
nano-catalyst was well mixed with the oxidizer 
without otherwise treating the two oxidizer sam- 
ples differently. Following this, the fuel was 
mixed with each oxidizer sample. Finally, to aid 
in compacting the compositions a tiny amount of 
a light oil was added (approximately 2 mg per 
gram of composition). This was accomplished 
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by first dissolving the oil in acetone, then mixing 
the oil/acetone solution into the composition and 
continuing mixing until the acetone completely 
evaporated, leaving the trace of oil evenly dis- 
tributed through the composition. 


Once the test compositions were prepared, a 
series of eight test strands were prepared, four 
with and four without the catalyst added. Each 
test strand was made by pressing a series of 
small increments, totaling 1.4 g into a small pa- 
per tube, 5/16-inch (8-mm) ID by approximately 
1-3/4-inches (44-mm) long. To further help pro- 
duce a consistent composition density, the com- 
position was compacted using a constant loading 
pressure of 4000 psi (30 MPa). The tubes pro- 
vided a constant cross sectional area of composi- 
tion and acted as the flame resistant surface in- 
hibitor to cause the burning to proceed in a ciga- 
rette-like fashion. With consistent composition 
density and constant amounts of composition 
compressed into each tube, the length of each 
test strand was nearly the same [in this case ap- 
proximately one inch (25-mm)]. Since each test 
strand was approximately the same length, it 
was only necessary to compare their burn times 
to determine whether and approximately how 
great a catalytic effect was produced. 


In this case, burning of the test strands was 
initiated using a small torch flame applied to one 
end of the composition. Accurate burn times 
were measured using a video camera to make a 
record of each burn test, then playing back the 
tape one video field at a time, while counting the 
number of video frames (each 1/30 second) be- 
tween the first sign of ignition and the first indi- 
cation of fire from the other end of the tube (test 
strand). As a check on the results, for each com- 
position, four separate burn tests were per- 
formed. See Table 1 for a sample of the catalyst 
data produced. 


The test results exhibit a moderate amount of 
variability. This is thought to reflect somewhat 
of a lack of care in preparing the sample items, 
the relatively short length of the test strands, 
plus variations in ignition stimulus from the 
torch. For some purposes, such variation would 
not be acceptable; however, for simple screening 
tests as in this case, it is not a major concern. It 


seems clear that the nano-molybdenum trioxide 
does have the ability to act as a burn catalyst. 


Conclusion 


When it is sufficient to perform strand testing 
under ambient conditions, the greatly simplified 
method, as described for this initial study of the 
burn catalytic effect of nano-molybdenum triox- 
ide, can be employed to produce reasonably use- 
ful screening data. 
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Fireball Characteristics as Determined in a Test Simulating 
the Early Stage of a Fireworks Truck Loading Accident 


K. L. and B. J. Kosanke 


A few years ago there was an investigation 
and analysis of an accident thought to have been 
initiated by the ignition of a case of spherical 
aerial shells in the cargo area of a truck. It was 
thought that the case of shells had been dropped 
or thrown to the floor of the truck during the 
course of its loading. (Note that some of the 
facts of the matter may be in dispute.) As part of 
that investigation, it was thought that a simple 
test would aid in establishing the likely sequence 
of events during the early stages of the accident. 
Accordingly a test was performed to estimate the 
extent and rapidity with which the initial fireball 
would develop from the ignition of a case of 
spherical aerial shells. Because the information 
developed by the test is of general interest to 
persons working with display fireworks, this 
brief article has been written. 


At the time of the accident, it was known 
what display was being loaded into the truck, 
including the total number and type of aerial 
shells, and the total number of cartons. How- 
ever, it was not known what was in each carton 
or which of the individual cartons of aerial shells 
ignited first. Accordingly, the best that could be 
done was to assemble a test case of aerial shells 
containing the average number of each size shell 
(see Table 1) known to have been in the display. 


Among the shells known to be present were a 
large number of Horse Brand shells, which had 
quick match shell leaders made using a combi- 
nation of a long strand (or two) of Chinese style 
firecracker fuse along with black match. Unfor- 
tunately, the Chinese fuse powder contained a 
chlorate (presumably potassium chlorate) and 
the black match contained sulfur. It was thought 
that a likely explanation for the accidental igni- 
tion was the pinching of one of these shell lead- 
ers between two colliding shell casings as the 
carton impacted the floor of the truck. This 
somewhat violent pinching is suspected to have 
caused both a commingling of the chlorate and 
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Table 1. Number and Size of Inert Shells 
Used, Including Estimates of the Amount of 
Lift Charge and the Length of Shell Leader. 


Shell | No. | Lift | Lift Charge (oz) | oz) | Shell Leader (ft 

Size of at Per 

(in.) | Shells Shell | COM. 
3 24 - 


Totals] 38_| — | 32 | — 


To convert approx. ounces to grams, multiply by 28. 
To convert approx. feet to meters, divide by 3.3. 


sulfur compositions, and the mechanical energy 
for their ignition. (The inherent dangers of chlo- 
rate and sulfur mixtures are quite well known.!')) 
In an attempt to approximately simulate this 
manner of ignition, an electric match inserted 
into one of the shell leaders was activated to ini- 
tiate the test. (Note that in the accident, it was 
reported that no electric matches were present.) 


Following the ignition of the first carton of 
shells, there would have been a delay of ap- 
proximately 3 to 5 seconds before the ignited 
time fuses would cause shells to explode. Fur- 
ther, because the collective burning of the shell 
leaders and lift charges in the ignited case would 
only have been very mildly explosive, it was 
thought that the ignition of the shells in the other 
cases would likely not have occurred until ex- 
posed to the fire for at least several seconds or, 
more likely, when the shells in the first case 
started exploding. Because of the likely delay of 
3 to 5 seconds before the participation of addi- 
tional pyrotechnic materials, the question at- 
tempting to be answered was: to what extent 
would the conflagration produced by just the 
shell leaders and lift charges in the first carton 
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have tended to engulf persons working in the 
cargo area and impede them from exiting? Ac- 
cordingly, the test shells were inert except for 
their leader fuses and lift charges. The shell 
leader lengths and lift charge amounts are also 
given in Table 1. 


The ignition of the test case of shells and the 
progress of the ensuing conflagration was re- 
corded using two video cameras, providing close- 
up and full views of the fire output. Figure | is a 
composite sequence of individual video fields 
recorded at times of 0.0, 0.2, 0.5, and 0.9 second 
after firing the electric match. Unfortunately, in a 
gray scale image such as in Figure 1, it is not pos- 
sible to differentiate between the yellow/orange 
fire and the white smoke. Accordingly, for the 
purposes of this article, prior to converting the 
series of color images to gray scale, the ap- 
proximate area of the fireball in each frame was 
outlined with a black line. In determining the 
extent of the fireball in each video image, it was 
the extent of the yellow/orange (fire) area that 
was used. Over the course of the images, the 
fireball is seen to drift to the left due to an ap- 
proximate 4 mph (1.8 m/s) breeze in that direc- 
tion. However, it is not thought that this signifi- 
cantly affected the results. 


Using the full video record, the volume of the 
fireball was estimated after each 0.1 second time 
interval. First, an estimate of the projected area 
and length of the fireball was made. (The length 
of the fireball was determined as distance from 
the approximate center of its bottom to the ap- 
proximate center of the highest extent of the 
fireball.) The projected area and length were 
determined through a comparison of the fireball 
with features in the background of known di- 
mension, and considering the distances from the 
camera to the fireball and background. Then, 
assuming the shape of the fireball was approxi- 
mately cylindrically symmetric about an axis 
running from the center of its base to its tip, cal- 
culations were performed to estimate its volume. 
Those volumes as a function of time are pre- 
sented in Table 2 and as a graph in Figure 2. It 
was not known what the shape of the fireball 
volume curve should be expected to have. How- 
ever, it was fit reasonably well by simply using 
two straight lines. (It is thought that a reasonable 
estimate for the uncertainty in the results being 
reported is 10 to 20 percent.) 
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Mack Seay See 


Figure 1. A collection of video fields recorded 
at times of 0.0, 0.2, 0.5, and 0.9 second after 
firing the electric match. The approximate extent 
of the fireball, as opposed to white smoke, has 
been outlined in each image. 
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Table 2. Estimates of the Volume of the 
Fireball Produced during the Course of the 
Test. 


g 


& 


a 


Fireball Volume (ft 3) 
T 


0 potion itiriitiiri tin v4 1 
00 O02 04 06 O08 10 12 
Time(s) 
Figure 2. A graph of estimated fireball volume, 
as a function of time, fitted using two straight 


lines. (To convert from cubic feet to cubic 
meters, divide by 35.) 


For the purpose of the accident investigation 
it was of interest to learn the extent to which the 
likely fireball, produced by the shell leaders and 
lift charges from this first case of aerial shells, 
would fill the open volume of the cargo area of 
the truck. In addition, it was of interest to dis- 
cover whether there was any realistic probability 
that a person in the cargo area near the point of 
origin could exit prior to being engulfed within 
the fireball. This was of prime interest because it 
has been reported that for a person attired in 
normal clothing, such clothing will spontane- 
ously ignite and the person will receive deep 
third degree burns, if engulfed by a pyrotechni- 


Selected Pyrotechnic Publications of K. L. and B. J. Kosanke (2001 and 2002) 


cally produced fireball.!! Further, it is suggested 

“assumed”) that there is essentially no chance 
of a person’s long term survival from having 
received such extensive burn injuries.! 


If the height and width of the cargo area are 
each assumed to be 8 feet (2.4 m), based on the 
test results reported above, the approximate vol- 
ume of the fireball is capable of completely fill- 
ing a 17-foot (5.2-m) length of the cargo area. 
Further, this will occur in slightly less than 1 
second, clearly much less than the time it would 
take for a person near the point of origin to exit 
the cargo area. (Indeed, in the accident under 
consideration, the two persons nearest the point 
of origin were fatally burned, and the two per- 
sons near the back of the truck escaped, although 
having sustained significant burn injuries.) 


Before leaving this subject, it is of interest to 
compare the approximate results of this simple 
test using a case of simulated aerial shells, with 
the results for loose Black Powder reported in the 
literature (see Table 3). The results reported"! for 
1 kg (35 oz) of Black Powder are for a fireball 
with a diameter of 3.2 m (10.5 ft), a volume of 
approximately 17.6 m’ (620 feet*) and a duration 
of 1.0 second. In the current test, the fireball was 
produced by 32 ounces (0.91 kg) of Black Pow- 
der plus 88 feet (27 m) of quick match and black 
match, which contributed approximately 6 addi- 
tional ounces (0.17 g) of powder. This produced 


Table 3. A Comparison Between these 
Approximate Results and those Reported in 
the Literature. 


Powder | Fireball Characteristics 
Data Mass | Diam. | Vol. | Duration 
Source (oz) (ft) | (ft*) (s) 
Current Test] 38° | 12.7°]1100 | 1.6 
Literature!” 35 | 10.5 | 620 1.0 


To convert approx. ounces to grams, divide by 28. 


To convert approx. feet to meters, divide by 3.3. 

To convert approx. cubic feet to cubic meters, divide 

by 35. 

a) This includes both the Black Powder lift charge 
and an approximation of the powder content of the 
shell leaders. 

b) The approximate diameter reported for this asym- 
metric fireball was calculated for a sphere based 
on its approximate volume of 1100 cubic feet. 
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a fireball with an approximate volume of 1100 ft° 
(31 m*) with a total duration of approximately 
1.6 seconds. While there was slightly more Black 
Powder in the current test, that certainly cannot 
account for all of the difference between the two 
sets of results. 


In the present aerial shell test, it must be con- 
sidered that there was also a significant amount 
of non-pyrotechnic, but readily combustible, 
material present. For example, there was the cot- 
ton string in the black match, the paper match 
pipe, the plastic bags containing the lift charge, 
the paper making up the lift bags, the tape, and 
the corrugated cardboard in the carton. Thus, 
while these combustible materials will take es- 
sentially no part in the pyrotechnic reactions, in 
response to the thermal output from the pyro- 
technic reactions, they will decompose to pro- 
duce an amount of highly combustible gas and 
particulate matter. Surely these gasses and par- 
ticulates will then burn as air oxygen mixes into 
the periphery of the fireball. This added fuel will 
act to sustain the duration of the fireball and al- 
low it to further expand before cooling. Note 
that the combustion products from a fireball con- 
tinue to expand somewhat after the fireball is 
considered to have ended. It is the cooling of the 
fireball, from the loss of heat, that marks its end. 
Accordingly, burning the additional non- 
pyrotechnic fuel must be expected to both ex- 
tend the duration of the fireball and thereby in- 
crease its volume beyond that of the fireball 
without the additional non-pyrotechnic fuel. 


In addition to the non-pyrotechnic combusti- 
bles adding to the volume and duration of the 
fireball, another factor must also be considered 
for the case of a substantial fireball produced 
inside the cargo area of a truck. In that case, the 
fireball would be expected to further increase in 
both its size and duration. Inside the cargo area, 
the pyrotechnic combustion products will dis- 
place the air, thus limiting the mixing and cool- 
ing of the fireball by incorporating cool air into 
it. In addition, some of the radiated thermal en- 
ergy will be reflected back into the fireball from 
the surfaces (walls, ceiling, etc.) inside the cargo 
area, again acting to extend the duration of the 
fireball. 


Using the data reported in the literature and 
from this test—using a case of simulated aerial 
shells—it would be possible to comment on the 
personal survivability of a collection of accident 
scenarios involving various amounts of aerial 
shells and in various circumstances. While that 
information is certainly an important subject, it 
is beyond the scope of the current article. 
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Pyrotechnic Reference Series 


Includes: 
e Illustrated Dictionary of Pyrotechnics 


e Lecture Notes for Pyrotechnic Chemistry 
e Lecture Notes for Fireworks Display Practices 


e Pyrotechnic Chemistry 


Illustrated Dictionary of 


Pyrotechnics 

Many areas of applied pyrotechnics, fireworks in particular, suffer from a lexicon that contains many specialized 
terms, is poorly documented, and about which there is much disagreement. For example, what you call glitter, oth- 
ers still call flitter, and vice-versa; your separation distance may be someone else’s setback. As a result, effective 
communication is made more difficult than necessary. Having an extensive dictionary of terms will not instantly 
solve such communication problems, but it can help, especially over time. Unfortunately, until now such a diction- 
ary has not been available. 


The //lustrated Dictionary of Pyrotechnics [ISBN-1-889526-01-0] is 130 pages in length, 8%" by 11", and it has a 
durable binding. There are more than 1200 entries, 130 figures and illustrations, and 50 short tables. It includes sci- 
entific and craft terms from fireworks, explosives, rocketry and pyrotechnic special effects. 


In addition to the principal authors, eight individuals with expertise from each of the technical areas addressed, re- 
viewed and contributed to the development of the dictionary. Most entries go well beyond merely defining a term; 
many terms are explained using examples, data, and/or illustration. Accordingly, the dictionary should be both au- 
thoritative and easy to comprehend. 


Lecture Notes for 


Pyrotechnic Chemistry 
Lecture Notes for Pyrotechnic Chemistry [ISBN-1-889526-16-9], revised and enlarged in early 2005, con- 
tains the class notes for a three-day course on the Pyrotechnic Chemistry. The Course Notes assume only minimal 
levels of understanding of Chemistry and Pyrotechnics. Each 8’2x11" page contains a pair of viewgraphs from the 
course lectures. The over 440 viewgraphs include many illustrations and tables. Each viewgraph of text is com- 
plete enough for the reader to be able to understand the subject being discussed. Following is the outline of topics: 


I Basic Chemical Principles VII_ Chemistry of Colored Flame 
II Pyrotechnic Chemistry, Ignition and VIII Chemistry of Sparks, Glitter and Strobe 
Propagation IX Pyrotechnic Smoke and Noise 
III Pyrotechnic Primes and Priming X Approaches to Formulation Development 
IV Factors Affecting Burn Rate XI Pyrotechnic Sensitivity 
V_ Aspects of Pyrotechnic Burning XII Pyrotechnic Hazard Management 


VI Physical Basis for Colored Light Production 
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Lecture Notes for 
Fireworks Display Practices 
The Lecture Notes for Fireworks Display Practices [ISBN-1-889526-03-7] contains class notes from a week- 
long course on practical and safety aspects of performing fireworks displays. Each 8’2x11" page contains a pair of 
viewgraphs from the course lectures. The 440 viewgraphs include many photographs and tables. Each viewgraph of 
text is complete enough for the reader to understand the subject being discussed. Revised 02/05. 
I. Elements of Hazard Management for Fireworks 


II. Fireworks Construction, Operation, and Characteristics 
II. Fireworks Display Safety 
IV. Fireworks Transportation and Storage Requirements 
V. Fireworks Display Design 


Pyrotechnic Chemistry 


Pyrotechnic Chemistry [ISBN: 1-889526-15-0] is a hard cover book on the chemistry of pyrotechnics. The 
book was authored by a collection of 13 renowned pyrotechnic researchers from around the world. It contains over 
400 pages in a large 8’2 x 11" format. 


This text is written at an introductory to intermediate level. As such it is intended for readers with limited prior 
knowledge of chemistry or limited knowledge regarding specific areas of applied pyrotechnics. One goal of this 
text is to provide an extensive list of references, thus directing readers to sources of additional information. 


The Table of Contents is extensive, running to 9 pages with approximately 600 entries. Because of the exten- 
sive table of contents, this text has not been provided with an index. It is suggested that readers wishing to research 
a specific topic first consult the list of chapters to find the one most relevant to the topic of interest, and then con- 
sult the detailed table of contents to locate the page number(s) of the section(s) addressing that topic. 


List of Book Chapters 
1 Introduction to Pyrotechnic Chemistry 12 Principles of Solid Rocket Motor Design 
2 Chemical Components of Fireworks 13 Pyrotechnic Spark Generation 
Compositions 14 Glitter Chemistry 
3. An Introduction to Chemical Thermodynamics 15 Strobe Chemistry 
4 Pyrotechnic Ignition and Propagation: A Review 16 A Study of the Combustion Behaviour of 
5 Control of Pyrotechnic Burn Rate Pyrotechnic Whistle Devices (Acoustic and 
6 Our Present Knowledge of the Chemistry of Chemical Factors) 
Black Powder 17 Sensitiveness of Pyrotechnic Compositions 
7 Pyrotechnic Primes and Priming 18 Hazardous Chemical Combinations: 
8 Pyrotechnic Delays and Thermal Sources A Discussion 
9 The Chemistry of Colored Flame 19 Assessing the Risks — Suggestions for a 


10 [luminants and Illuminant Research Consistent Seti-Quanutied Approach 


11 Propellant Chemistry 
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Review of: Pyrotechnic Chemistry 


Bemard E. Douda 
Crane Division, Naval Surface Warfare Center 


Pyrotechnic Chemistry 1s the fourth in the Pyrotechnic Reference Series produced by the publisher of the Jour- 
nal of Pyrotechnics. It is composed of nineteen stand-alone presentations each authored by pyrotechnic experts in 
their specialty area. 


There are chapters dealing with pyrotechnic materials, thermodynamics, ignition and propagation, burning rate 
control, black powder, primes and priming, delays and thermal sources, illuminants, solid rocket motor design, 
spark generation, whistle devices, and the chemistry of colored flames, propellants, glitter, and strobes. Safety 
aspects are addressed in chapters discussing composition sensitiveness, hazardous chemical compositions, and risk 
assessment. 


One advantage of a compilation of this sort is that it makes it convenient for the reader to find information 
across a wide range of pyrotechnic topics. The extensive Table of Contents makes this possible. The book contains 
a large number of figures and tables to support the text material. There are many examples of application of the 
information to pyrotechnic practical situations. For the most part, this book addresses the topics thoroughly but 
perhaps in some cases not to the degree that one would find in a textbook. 


The compilation format provided the opportunity for each of the authors to address their topic to a degree suf- 
ficient to relate all aspects of their topic to practical pyrotechnics. They accomplished this by providing the under- 
lying theory, the relevant equations, illustrative figures, and tables of supporting data. The result of this is that 
some chapters are much larger than others. 


Another important characteristic of this book is that it addresses many pyrotechnic safety issues in chapters 
dedicated to this purpose. Not only were the authors able to point out safety concerns with material incompatibili- 
ties throughout their individual topics but also they prepared three chapters dedicated to sensitivity of pyrotechnic 
compositions, hazardous chemical combinations, and risk assessment. 


Each chapter includes a set of its own references. These will be valuable to those wishing to explore a subject 
further. The book is easy to read. The topics are presented in an informative and educational manner. This book 
not only addresses topics related to fireworks but also addresses topics relevant to military pyrotechnics. It com- 
plements other pyrotechnic reference books and will serve as a valuable addition to one’s library. 


Journal of Pyrotechnics 


Issues of the Journal of Pyrotechnics appear twice a year and now contain over 80 pages. Areas of pyrotechnics 
addressed include fireworks, pyrotechnic special effects, propellants & rocketry, and civilian pyrotechnics. The 
Journal is “dedicated to the advancement of pyrotechnics through the sharing of information”. This is accom- 
plished with a mix of different types of articles; however, most will fall into two areas. One area is reports on re- 
search conducted by both professional scientists and individual experimenters. The other area is reviews of various 
technical and craft areas of pyrotechnics, some at an advanced level and others at a tutorial level. Abstracts are 
available on the JPyro web site: http://www.jpyro.com [ISSN 1082-3999] 
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